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DNA replication initiates 、at numbers of discrete loci ， caled replication origins ， on the 
eukaryotic chromse. Distribution and regulation of origins are important for complet 
duplication of the genom. To elucidate control mechanis of initiatin of DNA replication ， 
1 detrmined location of proteins that binds to origins as wel as actual DNA synthesis using 
the whole genom tiling-chip of fision yeas t. Replicationrigns distribute throughout the 
chromse. Howevr ， only subset of origins is activated in early S phase. Early and late 
origins tend to distribue separately in large chromse regions. Hetrochromatin in the 
pericentromer a:n d the silent mating-type (mat )l ocus replicates in early S phase. This semd 
pardoxical because hetrochromatin was prosed to be a structurly compated region 
wher initiation of replicatin is inactivated. Further analysis revaled that Swi6 ， a fision 
yeast homlg of hetrochromatin protein 1 (HPl) ， is required for early replication 
specificaly at the pericentromer and the mat locus. Loading of Sld3 to replication origin ， 
whic depns on Dfpl (Dbf4) dーepnt kinase (DK) ， is stimulated by Swi6. An HPl-
binding motif within Pfpl is required for in vitro interaction with Swi6 and for early 
replication of 白e pericentromr and the mαt locus. Tetheri 時 of Dfp 1 to the pericentromer 
and the mat locus in swi6 deficient cels restores early replication of these loc i. Thes results 
demonstrae the novel mechanis that a hetrochromatin protein ，positively regulates 
initiation of replication by recruiting a regulatory kinase to replication origins in 
hetrochromatic regions. 




Cel cycle regulation of DNA replication 
Acurate and complet DNA replication is crucial for the mainteance of the genetic integrity 
of all organism. To ensure that a complet set of the eukaryotic genom is precisely 
duplicated during the limited-period of S phase in evry cell cycle ， DNA replication initiates 
at a number of chromsal elments caled replication origins (Bel and Duta ， 20; Gilbert ， 
201a). ， Thebasic mechanis of initiatin ocurs in several steps arrd results in bidirectoal
replication from the 0均in (Sclafnid Holzen ， ~007). (A) First ， origin sequnce is 
recognized by origin recognition complex (ORC) ， whic is compsed of six subunits Or c1 -6. 
ORC binds to the origin throughout the cell cycle ， although localization of its subunits is 
regulated in cell cyle-depndent maner in some organism (Difley ， 204). (B) Second ， 
the ORC-bound origin is “licensed" by loading of mir-chromse mainteance (MCM) 
complex compsed of six subunits Mcm2-7 in G 1 phase of the cell cycle ， resulting in the 
formation of pre-replicative complex (pre-RC) (Bel and Duta ， 20; Difley et al.， 194). 
(C) Third ， at the beging of S phase ， pre-RC is activated by recruitment of several factors 
depndet on two conservd kinases ， cylin-depndent kinase (CDK) and Dbf4-depnt 
kinase (DK) ， and finaly ， the replisome including DNA polymeras and single-stranded 
DNA binding protein (SB) (or replication protein A: RPA) are loade onto the unwound 
Cj' origin DNA and bidirectional replication initiates. 
A) Ori!un reco!nition bv ORC 
Althoug ORC is conservd ， among eukaryotes ， the nucleotide sequnces of replication 
origins are very diverse among organism (Gilbert ， 201a) ， mainly due to diferences in DNA 
binding properties of ORCs. In buding yeast ， the ORC recognizes the specific sequnces 
caled the ARS conseus sequnce (ACS). In contrast ， no clear conseus sequnce has 
ben found in origins in fision yeast ， Schizosachromyces pombe (Clyne and Kely ， 195; 
Dubey et al.， 196; Okuno et al.， 19) ， although AT-rich sequnces to whic ORC 
preferentialy binds are required (Chuang and Kely ， 199). Requiremnts for specific 




little sequnce specificity in DNA binding in vitro (Remus et al.， 204; Vashe et al.， 203). 
In other words ， it is dificult to predict the precise location of origins from cis-equences and 
it is important to detrmine the locations of ORC binding for identificatin of origins. 
B) Formation of nre-RC 
Recruitment of MCM and resultant pre-RC formation depn on ORC ， as wel as two other 
factors ， cd lO target gen 1 (Cd t1) and cell division cycle 6 (Cdc6 ， in fision yeast Cd c1 8). 
The formation of pre-RC is strictly regulated to ocur in late M and G 1 phase of the cell cycle ， 
when the CDK activity is relatively low. This mechanism ensures inhibition of the second-
round pre-RC formation in the same cell じycle and consequnt re-replication (Machid et al.， 
205). Growing evidence strongly suport a.role for MCM as a replictive DNA helicase in 
replication fork (Labi and Difley ， 201). AlthQug pre-RC formation is esential for 
initiation of replicatin ， it is not in itself suficien t. 
C) Activation of nre-RC 
Orign activation at the onset of S phase is regulated by two conservd protein kinases ， CDK 
and DD K. Thes kinases are required for asembly of several other protein factors including 
Sld3 ， GINS and Cdc45 onto pre-RCs. The precise role of each factor in initiation of 
replication is not fuly understod. Howevr ， • apropriate sequential recruitment of these 
factors results in the activation of MCM helicase and origin DNA unwidg ， and the 
replication machinery is established through asembly of RPA and DNA polymerase onto 
single-stranded DNA(Bel and Duta ， 202). 
Althoug both CDK and DDK are highly active after S phase entry ， not all pre-RCs 
are activated at the onset of S phase simultaneously. It is wel document in buding yeast 
that activation of pre-RC ocurs in temporal order ， sugesting regulation of the initiation 
timng (Weinreich et al.， 204). Wh en progresion of DNA replication is impaired in the 
presnce of inhibitory chemicals ， initiation of replication from late origin ， whic normaly 
fires iri late S phase ， is blocked by checkpoint kinases ， Mecl ， a homlgue of ATR ， and 
Rad53 ， a homlgue of CHK2. (Santocanle and Difley ， 198; Shirahige et al.， 198). The 
ATM/ ATR-mediat chekpoint has ben prosed to regulate origin initiation evn in 
unperturbed metazon cels (Shechter et al.， 204). Howevr ， evn if the checkpoint 




each origin firing is detrmined before theckpoint regulation. The underlying molecular 
mechanis for such temporal regulation is largely un c1 ear ， although the involemnt of 
chromatin structures is sugested. 
Regulation of replication in chromatin contex 
As described above ， the time at whic replication origin initiates replication within S phase is 
a characteristic of each origin. In general ， transcriptionaly active euchromatin tends to' 
replicate in early S phase ， while silent hetrochromatin replicates in late S phase. Recnt 
genom-wid aproaches agre with this notion ， showing that chromsal regions that are 
gene-rich ， and rich in GC sequnces replicate earlier ， wheras gen-por regions and 
hetrochromatin tend to replicate late (MacAlpine' and Bel ， 205). Since localization and 
activation of origins are regulated by several actions of replicatin factors on the chromse ， 
they must be a百ected by the surounding chromatin structures. It is wel acepted that the 
transcriptional activity is modulate by the chromatin ，structure around the promte region. 
Using anlogy of the transcriptional regulation ， it has ben prosed that chromatin structures 
suroundig origins regulate replication timing; replication factors have easier aces to DNA 
in open chromatin (Gilbert ， 202). ，Histone acetylation is linked to openig chromatin for 
gen activation. Notably ， mutaion of' the histone deacetylase (HDAC) Rpd3 induced 
genom-wid hyperacetylation and a redistribution 'of ORC2 ， a subunit of ORC ， in 
Drosphila folli c1 e cels (Agarwl and Calvi ， 204) ， sugesting that ORC localiation is 
( detrmined by chromatin structure. The study in Xel 印 us extracts ， howevr ， sugested that 、
histone acetylation specify the site of origin after ORC binding (Danis et al.， 204). In 
buding yeast ， deletion of Rpd3 or its interacting partner Sin3 caused early activation of late 
origins at internal chromsali but did not alter the initiation timng of early origins or a 
late-firing ， telomer-proximal origin (Aparico et al.， 204). Thes studies sugest that 
diferent steps in origin activation have potential to be targeted by chromatin structures and 
that there is distinct regulation in diferent chromsal loci. Althoug growin evidences 
sugest that compat chromatin structure is supresive torign activation ， not all regions of 
chromse folow this trend. Ther are early-replicatinghetrochromtin and highly 
transcribed but late-replicating regions (Hiratani et al.， 204; White et al.， 204) ， showing 
significant flexibility in regulation of replication timing. Therfore ， it remains to be 
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unraveld experimentaly how origins are regulated in diferent chromatin contexts. The 
especialy interesting topics are the underlying molecular mechanism() of the regulation and 
the step(s) at whic initiation is regulated by the specific chromatin structure. 
Fision yeast as a model to study the link betwn DNA replication and chromatin 
Replieation factors are wel conservd among species ， but the cis-acting sequences of origin 
are diverse. As described ， fision yeast ORC prefers AT-rich sequnce ， yet there is no 
conseus sequnce ， whic is similar property with metazon organism. One of the 
advntages of using fision yeast to study replication is wel-defined nature of initiatin steps 
(Yabuchi et al.， 206) ， providng the c1 ues to disect the molecular mechanis of regulation 
by chromatin. Completion of genomic sequncig of fision yeast predicted the presnce of 
highly conservd chrom-dain proteins involved in formation of higher order chromatin 
structures (Wod et al.， 202). Consitent with this prediction ， fision yeast has thre major 
hetrochromatic loci: pericentromer ， the silent mating-type locus and subtelomeric region. 
Intensive molecular genetic analysis unlabeld the involemnt of the higher conservd 
chrom-dain proteins in hetrochromatin formation in fision yeast ， whic is absent from 
buding yeast but wel conservd in higher eukaryotic species (Grewal and Jia ， 207). 
Furthemore ， the structures of functional chromsal loci ， such as centromers and 
telomers ， of fision yeast have similar properties with those of metazoans. Thes 
characteristics of fision yeast with powerful genetics provide a great advntage to study the 
molecular link betwn DNA replication and chromatin structures. 
Aim of exprimnts 
Althoug lots of eforts have bencoentraed on the disection of asemblies of replicatin
factors at origins ， the knowledg. about the molecular mechanism of their regulation by 
chromatin structures is limited. To understand this isue ， it is necsary to identify 
replication origins along diferent chromsal regions. 
In this thesis ， 1examind the distribution of pre- RC in G 1 phase and their activity in 
S phase along whole fision yeast genome to identify replication origins. 1 further focUsed 
on the molecular mechanis underlying regulation of replication in hetrochromatic loci. 




Part 1: Genom-wid localization of pre-RC sites and identification of 
replication origins infision yeast 
INTRODUCTION 
Since each chromse region replicates in a specific period within S phase ， timng of origin 
activation must be regulated. Althoug we have a growin understanding of protein factors 
involved in initiato and elongation of replicatin ， the mechanis of origin activation at the 
chromse level have yet to be c1 arified in detai l. Thus it is important to detrmine 
locations of all replication origins on chromse. Howevr ， only smal numbers of 
replication origins have so far ben identified in most organism other than buding yeast 
Sα charomyes cerevisi αe (MacAlpine and Bel ， 205). 
Genom-wide anlyse of replicatin kinetics and distribution of ORC and MCM 
proteins using DNA microarays have ben perfomed in buding yeast (Raghurmn et al.， 
201; Wyrick et al.， 201). The majority of prosed ARS (pro-ARS) sites identified by 
ChIP-based analysis exhibit ARS activity ， and the corelation with actual initiation sites has 
ben demonstraed (Feng et al.， 206). On the other hand ， replication timng analyses using 
microarays with human ， mouse and Drosphila chromsine have sugested links betwn 
early replication timng and active transcription in large chromatin domains (MacAlpine and 
(ノ Bel ，205). Howevr ， because of dificulties in genom-wid analysis of replicatin factor 
binding sites in meta i: oans ， it has not ben posible to clarify the relation betwh pre-RC 
sites and selection of active origins. Fision yeast is a suitable model organism to study 
genom-wid regulation of chromse replication ， because both the structures of replicatin
origins and the chromatin configuration have similarities with those in metazon organism. 
In fision yeast ， due to prefe 汀ed binding of ORC to AT-rich sequnces (Chuang 
and Kely ， 19) and the requiremnt of multiple ORC binding sites for 、origin activity 
(Takhashi et al.， 203) ， replication origins have ben predicted to be “A+ T-rich islands" 
located preferentialy in intergenic regions (Segurado et al.， 203). Locations of single 
strande DNA regions under nu c1 eotide depleting conditions are consistent with this 
prediction (Feng et al.， 206). Becaus the ARS activity of intergenic regions corelates 
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with the AT content and the length ， it has ben prosed that replication origins fire 
stochasticaly in fision yeast (Dai et al.， 205). Single molecule anlyse using DNA 
combing also suport the stochastic model (Patel et al.， 206). Howevr ， due to the lack of 
information on genom-wid distribution of pre-RC sites ， it has remaind an open question 
w hether all the pre 目 RCs are activated or only a subset of origins is selected to fire. 
ln this study ， 1 conducted high-resolution maping of Or c1 and Mcm6 binding sites 
in G 1 phase ， using a tiling aray covering almost the entire genom of fision yeast ， to 
identify pre-RC sites precisely on the whole genom. Maping of nascent DNA in the 
presnce of HU in wild type and checkpoint deficient cdsll cels alowed to identify early-
firing replication origins and late-firing and/or ineficient origins. Replication timng is 
(-¥coordinated in large chromse regions. The pericentromer ， kinetochore ， the silent 
mating-type (m αt) locus ， and subtelomeric hetrochromatin behavd diferently ， sugesting 




Maping of pre-replicative complexs ， pre-RCs ， on fision yeast chromse 
1nitiation of DNA replication in eukaryotic cels requires the orderd asembly of replicatin
factors at specific sites on the chromse. To detrmine the site of pre-replicative
complex (pre-RC) formation onfison yeast chromse ， DNA imunopreciptaed with 
Or c1 and Mcm6 in G 1-arested cels (Ogaw et al.， 19; Takhasi et al.， 203) was 
anlyzed with a. tiling aray that covers almost the entire genom of fision yeast at 250 base 
pair (bp) resolution except for telomers and rDNA repeats. Both Or c1 and Mcm6 wer 
located exclusivelyat intergenic regions ， and 84% of Or c1 binding sites co-localized with 
f ¥ M c m 6  (日 g. 1-1 ， Suplemntary Table 1-S1; data of the tiling aray analysis are available 
online ， se materials and methods). A total of 460 pre-RC sites ， wher peaks of Or c1 and 
Mcm6 co ，-localized ， wer identified (black triangles in Fig. 1-1 and Table 1・e・S1). The pre-RC 
sites wer distributed throughout the chromse with an average separation of 26.7 kb and 
enriched at the centromers and the subtelomeric regions. Enrichment at the subtelomeric 
regions was not observd on chromse II1 ， wher both ends of the aray wer flanked with 
rDNA repeats. 1 confirmed localization of Orc4 ， another compnet of ORC complex in 
logarithmicaly growin cels wer highly colocalized with those of Or c1 (>90%; Fig. 1-2 and 
Suplemntary Table 1 -S 1). This result indicates that peaks of Or c1 represent the binding 
sites of ORC complex ，. 
(¥ Ide 凶 fication of early replication origns that incorpate BrdU in the presnce of HU 
For identific a. tionf active replication origins ， it is crucial to label newly synthesized DNA 
around replication origins. 1 labeled newly synthesized DNA by incorporation of 5七rom-
2' -deoxyuridne (BrdU) ， a heavy-density nucleotide anlogue. Becaus fision yeast cels 
do not normaly intake BrdU due to lack of thymidne kinase activity ， the herpes simplex 
virus thymidne kinase gen was expresed from the inducible promte 工 The experimental 
schem is shown in Fi g. 1-3. Fision yeast cells expresing thymidne kinase wer 
synchronusly released from the G2/M boundary in the presnce of BrdU and hydroxyurea 
(HU) that depletes dNTPs. BrdU-labed DNA was separated in an equilbrium gradient of 
Csl by centrifugation. To confirm that BrdU was selectively incorporated !l round 































































































































































Fig. ト1. Locatins of Orc1 and Mcm6 bindg sites and BrdU incorpation sites 
were higly colaized on fision yeast chromosomes. For map 戸ing of Orc1 and 
Mcm6 localization sites ， HM568 (h- nda3-KM31 cd10-29 ura4 ・018 leu1-32 orp1 ・
5f1 ag/pREP82-cdc18 pREP81-cdt1) cels ex 担resing Cdc18 and Cd t1 wer arestd at 
thecd10 arest point in G1 phase and used for ChIP. The orange and blue vertical むars
repsnt the bindg ratios 01 loci showing enrichmt of ChlP fractionswith anti-Flag-
Orc1 (top panels) and anti- 詰cm6 (midle panels) anti むodies ，respectively ， for regions' 
10-10 kb on chromosome 1， 150-160 kb on chromosme 11 and 180 ・190 kb on 
chromosome 11 1. For maping of nascet DNA syntheis ， H 諮68(h-cd25 ・2nmt1-T K)
cels arestd at the G2/M boundary were relasd at 25 0 C for 90.min in the presnc of 
10 mM HU and 20 1M BrdU. Celular DNA was digest with Hael and centrifuged in 
a CsI gradien t.丁 he exprimntal scheme is shown in Fig. 1-3. Relative enrichmt of 
BrdU-labe DNA compared to the control whole cel DNA is presnid (botm panels ， 
gren bars). Black triangles indicate pre-RC sites identified as colcalization sites of 
Orc1 and 話cm6 ，whic wer progamticly picked up (Suplemntary Table 1-81 ， 
an d- onlie m 誠erials). Names of known replicat ぬれ origns colcalized with pre-RCs are 
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Fig 卜2. Peaks of Orc4 bindg sites are higly colaized with those of Orc1 bind-
ing sit 自s. ChlP was perfomed aginst Or c4 from logar ithmca ll y growin cels and recov 
erd DNA was anlyzed as describ in Fig . Iー 1. A repsntaive region around ars204 
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Fig. 1-3. A scheme to locaize nascent DNA strands in early S phase . HM668 (h-
cd25- nmtl- T，κ) cels were synchroized and labed with BrdU in the presnce 01 HU 
as describd in Fig 1-1. Celuar DNA at 0 and 90 min after relas from G2/M block was 
digest with Hael and centrilugd in a CsCI gradient. Fractions coletd Irom the top 
were dialyze and recovy 01 DNA in each Iraction was anlyzed by real time PCR with 
ars204 and non-ARS primes (se Fig 卜4). DNA in the HL-density fractions was poled 
and used lor til ing-ary anlys is. For discrm inat ion 01 positve and negativ signal fo r 
BrdU incorpation ， HL-density fractions at 90 min (early S phase) were compared with 
L-density fra ct ion s at 0 min (G2/M phase) 
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origin (Okuno et al.， .19) ， and a no-ARS (non-origin) region about 30 kb distant from the 
origin wer anlyzed by real time PC R. After 90 min of BrdU-Iabeling in the presnce of 
HU ， about 50% of the αrs204 region was recoverd in the heavy-light density fractions ， 
while the no-ARS fragment remaind in the light-light density (Fig. 1-4)， indicating that 
BrdU was incorporated selectively around the origin. 1 also confirmed thaboth ars204 
and no-ARS regions wer fuly substituted with BrdU in HU-fre conditions (Fig. 1-5) ， 
excluding the posibility that selective incorporation of BrdU around the αrs204 was due to a 
shortage of Brd D. Since recovery of the nascent DNA by the method was verified ， the 
heavy-light DNA fractions wer poled and subjected to the whole-gnm analysis (Fig. 1-3). 
The results of the tiling aray analysis showed that BrdU-Iabeld DNA was co-
f¥localized with Or c1 and Mcm6 at a very high frequncy (Fig. 1-1 ， gren bars in botm panels 
and Suplemntary Table 1-S1). At the ars204 origin locus ， BrdU-Iabeld DNA spaned 
about 10 kb around the intergenic region wher Or c1 and Mcm6 wer confined (Fig. 1-1 ， 
midle set of panels). This is consistent with bidirectional DNA synthesis initiated from the 
origin in early S phase (Okuno et al.， 197; Takhasi et al.， 203). The colocalization sites 
of Or c1， Mcm6 and BrdU ， a total of 307 loci ， 19 ， 107 and 81 ， on chromse 1， II and II1 ， 
respectively ， wer defined as early replication origins that fired in the presnce of HU (red 
squares in Fig. 1-6 ， and Suplemntary Table 1-S1). 1n contrast ， 153 Or c1 -Mcm6 
colocalization sites ， 8 ， 62 and 3， on chromse 1， II and II1 ， respectively ， did not 
incorporate BrdU in the presnce of H D. Althoug it is not distinguished whetr BrdU-
negative origins fire in late S phase and/or at a low e百iciency ，they are colectively designated 
as late origins below (blue squares in Fig. 1-6 ， and Suplemntary Table 1-S1). 
Among 36 origins previously identified by two-dimensional gel electrophoresis ， 28 
coincide with the early origins identified her ， while 2match to the late origins (Fi g. 1-6) 
(Dubey et al.， 194; Gomez and Antequra ， 19; Okuno et al.， 197; Sanchez et al.， 198; 
Segurado et al.， 203; Segurado et al.， 20; Smith et al.， 195; Wohlgemuth et al.， 194). 
At the remaing 6 known origin loci ， Or c1 signals wer below the standard ， although at least 
either BrdU or Mcm6 signals wer de 
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Fig 卜4 ， BrdU is incorpated prefntialy into orign proximal regions ， DNA in each 
fraction at 0 min (biue open circies) and 90 min (red filed circiesi was anlyzed by reai 
time PCR us ing primes for ars204 (Ieft) and non-ARS (right) regions ， Relat ive recovy 
(%) among toa l DNA recovd is presntd togehr with the refractive index (gren tr ト
angles) ， For the who le genomic anlysi ， the heavy-light density fractions 8-12 of 90 min 
(BrdU-DNA) and light fractions 1-6 of 0 min (Whole DNA) were poled and used for com-
partive ana ly sis with the tiling ary 
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Fig. I・5. The ars204 locus as wel as the nonARS locus fuly incorpate BrdU in the 
absence of HU. HM668 cels relasd from G2/M wer labeld with BrdU for 160 min as 
describ in Fig. ト1 and 1-3 ， excpt that HU was not ade. DNA in each fraction after CsI 
centrifugation was anlyzed by real time PCR using primes for the ars204 (filled square) 
and the nonARS (open square). 
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Fig. I・6 .Distributions 01 early and late replication origns. Locatins of the early origins 
(red square) and those of the late and/or inef icient orig ins (blue square) are shown on 
chromosomes 1， 11 and 11 1. Positons of known replication or igins are shown . Positons 01 
centroms are shown by gren ell ipse 
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frequncy (239 origins ， 78%) with the origins identified as peaks of DNA content increase ， 
while the late origins coincide at a lower frequncy (34 origins ， 2%) (Heichinger et al.， 
206). In comparison with the origins identified as the center of single-stranded DNA 
formed in the presnce of HU (Feng et a1.， 206) ， 50% (15410ci) of the early origins and 16% 
(2410ci) of the late origins match with the previously identified origns(Suplemntary Table 
I-S1). 
Early origins clusterd in narow regions 
It should be noted that OrcL.Mcm6 colocalization sites are frequently c1 ustered within a broad
BrdU-labeld regionextndig 20.:.30 kb ， such as at positions 510-3 of chromse II (Fig. 
(' 1-7A). The pres 即 e of multiple peaks of B耐ーlabeled DNA coresponding to Orω t1 cm6 
binding sites is consistent with the initiation from c1 0sely located several origins ， although the 
posibility that DNA synthesis extnde from a unique origin remains. To distinguish these 
posibilities ， 1 first examindwhtr each of Or c1 -Mcm6 colocalization sites exhibited the 
ARS activity. Among 1 fragments derived from the region ， five genrated transformants at 
a hig frequncy (Fi g. 1-7B) ， indicating that the ARS fragments are c1 ustered. 
Next ， 1 examind whetr these ARS's are active on thecromse. 
Chromsal DNA of cels synchronusly released from G2/M in the presnce of HU was 
anlyzed by two-dimensional gel electrophoresis. The results presnted in Fig. 1-7C show 
that bule arcs ， whic are indicative of initiatin of replication from the fragments ， wer 
detected for fragments 3， 7， 8 and 11 (black triangles in Fig. 1-7 C). Fragments 7， 8 and 1 
corespond to ori2031E ， 2032E ， 203E ， respectively (Suplemntary TableJ-S1). Another 
early origin exists in fragment 3， although the origin was not identified by genom-wid 
analysis due to weak Or c1 signal (Suplemntary Fig. I-S1). Thes results demonstrae that 
c1 ustered pre-RC sites act as early-firing origins. Initiation of replication from c1 0sely 
located origins has ben reported for the ur α4+ locus on chromse III by 2D-gel and DNA 
combing anlyse (Dubey et al.， 194; Patel et al.， 206) ， and it sem to be comon on 
fision yeast chromse. 
Reprsion of late firing origns by chekpoint kinase Cdsl 
Late replication origins in buding. yeast are represed by checkpoint pathwy under 
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Fig 卜7 . Clusterd pre -RC sites act as early replicaton origns. (A) Loca tions 01 Orc1 
(orange ， top panel) ， Mcm6 (blue ， midle panel) and BrdU -labed ONA (gren ， botlm
panel) in the 50 -540 kb region 01 chromosome 11 are presntd . (B) Elevn Iragments 
contaig intergnic regions ， shown by horiznta ll ines in (A) were cloned into the pYC1 
vector and used lor translomtin 01 HM123 (h-leu1 -32). Translorman ts lormed on min ト
mum media plates after 4 days at 30 0C are presntd. Vector alone and the ars204 
plasmid were used as controls. P lus sign ， +++ ， + and + below panels reprsnt large ， 
m id le and sma ll co lony size ， respctively ， whi l巴 a m inus sign shows absence 01 any vis 
ib le co lony. (C) H M668 (h- cd25-2 nmt1- TK) ce lls relasd Irom the G2 /M block were 
cul tured at 25 0C lor 90 min in the presnce 01 10 m M  H U and replication intermdias 
were anlyzed by neu tral-n 巴utra l20 gel elctrophresi. Locatins 01 the res tricion Irag-
ments anlyzed by 20- gel methods are sho w n above the map 01 open reading Irames and 
the relvant restr ict ion enzyme sites : B ， Bam H I; X b， Xbal ; N ， Nde l; H ， Hindll ; C ， Cla ; S， 
Spe l; E ， E co Rl. Positns 01 the hybr idzaton probes ， whic corespond to the Iragments 
used lor the ARS asay in (B) ， are shown as gray bars 
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Difley ， 198). Maping of sf Il gle-stranded DNA in the HU-arestd fision yeast cels has 
sugested that similar regulation exists in fision. yeast (Feng .et al.， 206).φOn the other 
hand ， Rad3 ， the ATR homlgue in fision yeast ， afects initiation from a smal number of 
origins (Heichinger et al.， 206). 1 tested whetr the late origins identified in this study 
might be activated in the absence of replication checkpoint kinase Cdslhk2. W i1 d type
and cds11 cells wer synchronusly released from G2/M block and labeled with BrdU in the 
presnce of HU for 150 min. The BrdU DNA purified by Csl centrifugation was anlyzed 
by the tiling aray. The results of wild type at 150 min wer very similar to those at 90 min ， 
except that BrdU DNA extende further than those at 90 min ， whic is cohsistent with slow 
DNA synthesis in the presnce of HU (top panels in Fig. 1-8). In contrast ， smal but 
(~'i significant BrdU incorporation was de~ected in the s耐 elomeric regions of chromse 1 
and 11 specificaly in cゐ111 cells ， although BrdU DNA did not form peaks at most of late 
or~gins (midle panels in Fi g. 1-8). Thes results sugest that the majority of late origins do 
not fire at a comparble efieiency of early origins evn in cds11 mutan t. Howevr ，when 
the ratio of BrdU DNA in cds11 to that in wild type was calculated ， cds11-specific BrdU 
incorporation was observd at subtelomeric regions and at the late origin loci but not at the 
early origin loci (brown bars in botm panels of Fig. 1-8). BrdU incorporation was 
increased at 90 late originloci (59% of the late origins) and at 10 early origin loci (3% of the 
early origins) ， showing specific firing of late otigins in cdsl l1 cells. To confirm the tiling 
aray result ， 1 examind replicatio n. kinetics in wild type and cds11 cells in the presnce of 
HU using real time PC R. Figure 1-9 show that BrdU incorporation increased in cds11 cells 
compared to those in wild type at the late origin AT2080 and at the subtelomer locus but not 
at the early origin or no-ARS locus. Thes results sugest that a subset of late origins in 
the arm and the subtelomeric regions are represed in the presnce of HU in pa 口 by
replication checkpoint regulation. 
Cordinate distribution of early and late origins in large chromatin regions 
In figureJ-6 ， the early and late origins tend to c1 uster separately ， spanig several hundre 
kilo-bases on chromse 1 and on the left arm of chromse 11. This distribution could 
result from either random or cordinated choice of pre-RCs. The distribution of inter-pre-
RC distances fited wel to an exponetial curve (Fi g. 1-10) ， sugesting. that pre- RCs 
themslves are randomly distributed along chromse (Patel et al.， ;2 06). Then ， 1 asked
13 
Figure I・8
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Fig. ト8. I羽corpa 討on of BrdU increas at late origns in su むtelomr and chro-
mosome arms in cds1 Ll cels. HM668 (h- cd25 ・2nmt1-T K) and HM1405 (h-cd25
22 nmt1-TK cds1 Ll :kanMX6) were relasd from G2/M block and labeld with BrdU 
for 150 min at 25 0 C in the presnc 01 HU and the genomic DNA was anlyzed with the 
tiling ary asdecribed in Fig. I・1. Gren vertical bars repsnt relative enrichmt of 
BrdU-incopate DNA in wild type (top panels) and in cds1 .tJ. (micdle panels) in 30 kb 
region from the left end 01 chromosome 1. The botm panels show ratios of enrichmt 
of BrdU DNA in cds1 .tJ. to tれat in wild type (brown vertical bars). Red and blue triangles 
aむove panels show locations of the early and late origns identi1ied in this wor 主， respc ・
tively. Horizntal bars show open reading frames. The scale of the vertical axis is log2' 
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Figure 1-9 
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Fig.1 ・9. BrdU incorpatin at the subtelomer and late orign loci graduly increas 
in the absence 01 cds1. HM668 (h- cd25- nmtl- TK) and HM1405 (h- cd25- nmtl-
TK cdsl1:kanMX6) were labeld with BrdU lrom 60 min to 240 min after relas in the 
presnce of HU. The genomic DNA from wild type (open circle) and cdsl1 (f illed circle) at 
each time point was pread as describ in Fig. 1-1. DNA in the heavy-light and light-light 
fractions was anlyzed by real time PCR using primes for ars204 (black) ， non~ARS (gray) ， 
AT2080 (red) ， and right subtelomr 2 (teI02R-03)(purle). The replication eflicency (Re 
%) was obtained by the equation ， Re = [(HL /2)/( L+Hυ2)J x 10. The heavy-light fractions 
at 150 min wer used for DNA microay anlysi (Fig. 1-8 and online materials) 
じl/ 
Figure 1-10 
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Fig. 1-10. Pre 聞 RCs distri 詰ute randomly on fision yeast chromosomes ‘ Distribution of 
inter- 担re-RC distance are shown. Best-fit expontial curve and asocited R2 value for 
the distribution of inter pre-RC distance wer calct Jl ated by using KaleidGrph 4.0J for 
話ac (Synerg Software ， HU Ll NKS Inc ふ The expontial nature of this distri むution indi ・
cates that pre-RC sites are randomly distributed along fision yeast chromosomes (Patel 
et al.， 206). 、
τable 1-1 
The z statistic for distribution ofthe early orignsad late origns on each chromosome arm. 
varince test 
OriE Oril I pre-RCs I run 11 mean (同 I._(~) statistic 
之
left arm 78 35.0 
Chr I 





仁) Chr 111 2 53 5 NA NA 
13 21.0 105. 嶋容.78
Early andlte origns wer symbolized as E and L， respectively ， to perfom Wald-ofw-
itz runs test (se Materials and methods). To te 武 the cordinates of origins on whole 
genome ， the thre chromosomes wer consider to be one sequnc. Centromes 
were neglctd ， while runs were divde at each telomric end. NA: not aplicable. 
¥ ノ/ー¥
14 
whetr a pre-RC is chosen to be an early origin indepndently from the~neighboring origins 
or a subset of pre-RCs are cordinately chosen. To examin these posibilities ， a statistical 
analysis ， Wald- Wolfwitz run test (Chang ， 20) ， was caried out against a nul hypothesi 
that a pre-RC is randomly chosen to be an early origin (Table 1-1 and Materials and methods). 
The actual distribution of early ongms does not likely result from randomes on 
chromse 1 and on the left arm of chromse II (P < 0.01) ， while randomes was not 
rejected on the right arm of chromse II (P = 0.198;α= 0.01). The analysis was not 
aplied on chromse II1 ， wher only a few late origins exist. Thes results sugest that 
activation of pre-RCs tends to ocur cordinately in large chromse regions. 
「〉 Initiation of 四 plication is diferently regulated in centromes ， the silent mating-ype 
locus and subtelomric hetrocmain 
It is of interest how initiatioh of replicatin is regulated in specific chromsal loci ， such as 
centromers and telomers ， becausthe loci contain hetrochromatic regions ， whic have 
ben reported to replicate generaly in late S phase in higher eukaryotes (J eon et al.， 205; 
Wodfine et al.， 204). 1n fision yeast ， thre regions ， centromer ， subtelomer 、and the 
silent mating-type (mat) locus ， are known to form constitutive hetrochromatin structures. 
1n 10-25 kb subtelomeric regions from the ends of chromse 1 and II ， BrdU 
incorporation was rare despite of the existence of highly c1 ustered pre"RCs (Fig. 1-6 and Fig. 
1- l1 A) ， sugesting that they wer not activated at least in early S phase. 1n order to 
investigate replication Qrigins near the chromse ends ， wher the tiling aray does not 
(-、 cover ，1 used Ch1P-qCR method and examind the pre-RC formation near the very end of 
\-~ 
chromse II (0 .3 -21 kb from the end) ， wher expresion of ectopic ura4+ marke is 
inactivated (Kanoh et al.， 205). Ch1P against Orc4 and Mcm6 wer perfomed ， folwedby 
real time PCR analysis (Fig. 1-1B). The result show that Orc4 and Mcm6 are highly 
enriched at the folowing sites: 3 kb ， 6.5 kb ， 9 kb and 21 kb from the right end of chromse 
II. This demonstrates that pre-RCs are formed near the telomeric ends. Thes pre-RCs are 
likely to be supresed to fire in early S phase because 1 failed to detect Ssb2 (a compnet of 
RPA) binding in HU-arestd cels (Fig. 1-1B). It is worth noting that Mcm6 is absent from 
the very end (0.3 kb) despite the localization of Orc4. Bindg of MCM might be restricted
by the telomer specific compnets that bind telomeric repeats. 
Fision yeast centromers are compsed of two functional domains ， the unique 
14 
Figure 卜1
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Distance from the right end of ch rom osome 11 (kb) 
Fig ト1. Potenial origns are clusterd in the subtelomric regions ， (A) Locatins 
01 Orc1 (orange bars ， top) ， Mcm6 (b lue ba rs， midle) and BrdU incorpat ion (g ren bars ， 
botm) in left and right subtelomric regions on chromosome 11 in wild type HM668 (h-
cd25-2 nmt1- TK) are presntd. Note that the ti ling ary does not contai telomr-px 
ima l reg ions because they share highly homlogus sequncs. White boxes above the 
panels denot open reading Irames. Signals are absent in gray-shde regions because 
01 the presnce 01 homlogus sequences ， (B) Locatins 01 Orc4 (to p) ， Mcm6 (midle ) and 
Ssb2 (bo 口om) in the right end 01 chromosome 11. HM182 (h 田 cdc25 -2 nmt1- T，κ) ce lls 
wer arestd in early S phase by HU after G2/M synchronizaton. ChlP samples wer 
quantil ied by real time PCR with telomric primes (Kanoh et al. ， 205) ， and recovy was 
normalized to the nonARS locus. Note that all telomrs contai sequences homlogus to 
this region. White boxes above the pane ls denot open reading Irames. Black triangles rep-
resnt telomric repats. Ero ba r indica tes standr deviaton 
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central core region (cnt) ， wher the kinetochore complex is formed ， and the inverted repeats 
(i mr) and the outer centromeric repeats (otr) ， wher hetrochromatin is formed (Pidoux and 
Alshire ， 204). It is remarkble that all BrdU ， Or c1 and Mcm6 signals wer detected at the 
otr ， indicative of eficient initiation from the otr in early S phase (Fi g. 1-2A). 1n contrast ， 
the iner centrome cnt2 region did not replicate in the presnce of HU (Fig. 1-2A). 
Surpisngly ， Mcm6 was not localized at the cnt2 region despite enriched bindg of Or c1 
(Fig. 1-2A). Localization of Or c1 without Mcm6 or BrdU incorporation at the cnt was 
comon property on all the chromse (online data and data not shown). Since 1 
anticipated that epitopes in Mcm6 could be sequesterd from antibody in cnt-specifc protein 
complex ，. DNA samples chromatin-munopreciptaed with polyclonal antibodies against 
f1Mcm2and OMin aditon to Orel and Mc 尚
wer anlyzed by real time PC R. The cnt2 DNA was recoverd by Or c1 -1P and Orc4-1P at a 
higher eficiency than the αrs204 and the otr DNA (Fig. 1-12B). 1n contrast ， recoveries of 
the cn t2 DNA by Mcm2-1P and Mcm6-1P Wer about one-tenth of those of the ars204 and 
the otr DNA (Fi g. 1-12B). Thes results show that Mcm2 nor Mcm6 is eficiently located at 
cnt2 ， whic is consistelt with the results of the tiling aray. Thus ， initiation of replicatin is 
diferently regulated in the iner and outer centromer domains. 
At the mat region ， a 20-kb domain containg the mat2 and mat3 ， whic serve as 
recombinational donr for the matl locus; and the interval betwn them ， known as the K-
locus ， are subject to hetrochromatin-mediated silencing (Nakyma et al.， 20). 1n order 
to examin replication origins in the mat K-Iocus 1 perfomd Ch1P-qPCR analysis against 
Orc4 and Mcm6 to locate pre-RCs because the tiling aray does not cover the mat K-Iocus. 
Althoug Orc4 signals in HU-arestd cels are relatively low in the mat K-Iocus ， they are 
significantly hig around the m αt2 and m αt3 loci (1 6， 17 ， 20 ， 23 ， 29 ， 3 ， 34 and 36 kb from 
the matl locus) compared to suroundig euchromatic regions as wel as the no nA RS locus 
(Fig. 1-13; Orc4). Consitent with this observation ， Mcm6 signals are highly enriched 
around the mat2 and mat3 loci (Fig. 1-13; Mcm6) ， indicating enriched 'localization of 
replication origins in the mat hetrochromatic region. To examin the property of these 
origins ， 1 perfomd Ch1P against Ssb2 using HU-arestd early S phase cells. Ssb2 signals 
at these origins are comparble to that at the ars204 (Fig. 1-13; Ssb2) ，sugesting these 
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Fig ト12 . Replicaton is distinctly regulatd in centromic domains. (A) Locatins 
01 Orc1 ， Mcm6 and BrdU incorpation at centrome on ch romosome 11 are shown. The 
physical map 01 lision yeas t ce 円2 above the panels denots otr compr ised 01 dg and 
dh elmnts ， imr and cnt. Verticalines indicate tRNA gens. S ignals are not presnt in 
gray-shde regions at imr2R and otr2R because 01 the presnce 01 identcal sequnces 
with imr2L and otr2L ， respctive ly . (B) Orc1 and Orc4 but not 01 Mcm6 and Mcm2 local-
ize at cnt2. ChlP with Orc1-5Flag ， Orc4 ， Mcm6 and Mcm2 was caried out lrom G1 ar-
restd cels as describ in Fig 卜1. DNA recovd in ChlP was ana lyzed by real time 
PCR using primes ampliyng nonARS ， ars204 ， dg and cnt2 regions and relative recov-
ery normalized to nonARS region is presntd 
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Fig. 1-13. Early origns clus!er in !he silen! ma!ing-ype locus. Locations of Orc4 
(yelow) ， Mcm6 (blue) and Ssb2 (gren) in the silent maling-type K-Iocus. A diagrm of the 
mat locus is shown on top. IR ・L and IR ・R indicate helrocmalin boundary elmns 
The mat2P and mat3M are the silenl donr loci for lhe mat1 locus. Red box repsenl 
cenH sequnce homlogus 10 the pericenlromeric repats. While boxes indicate open 
reding frames. HM182 (h 90 cd25- nmt1-T K) cels wer aresld in early S phase by 
HU after G2/M synchronizalion. ChlP samples wer quantifed by real time PCR ， and re-
covery was normalized 10 the nonARS locus. The ars204 is an euchromali early origin 
conlrol. Eror bar indicates standr deviation 
36 3 34 
Dislance from Ihe mat1 locus (kb) 





In this study ， high-resolution whole-gnm maping of Or c1 and Mcm6 binding sites 
alowed to identify precise locations of 460 pre-RC sites on S. pombe chromse. 1 found
that 307 pre-RC sites acted as early origins that initiated DNA synthesis in the presnce of 
HU ， wheras the rest of pre-RCs wer considerd as late and/or ineficient origins (caled 
colectively as late origins) (Fig. 1-6). Interestingly ， pericentromeric hetrochromatin and 
the silent mat locus replicated in the presnce of HU ， while the iner centromers or 
subtelomeric regions did not ， sugesting specific regulation of replicatin in these specialized 
functional chromatin regions (Fi g. 1-1 and 1-12). 
Distribution and regulation of replication origins in chromsal arm regions 
Becaus more than 80% of Or c1 bindg sites wer colocalized with Mcm6 ， the majority of 
ORC binding siteserve for pre-RC asembly. The pre-RCs are formed ex c1 usively in long 
and AT-rich intergenic regions as described previously (Dai et al.， 205; Gomez and 
Antequra ， 199). ~ Pre-RCs are distributed randomly along the entire chromse (Fig. 1-
10) except for enriched localization at pericentromer ， the mat locus and subtelQmeric regions 
(Fig. 1-1 ， 1-12 and 1-13). Howevr ，only a subset ofpre-RCs is activated in earlyS phase: 
When the early origin αrs204 and the late origin AT2080 fragments wer mutaly 
exchangd ， AT2080 becam early origin while ars204 becam late one ， sugesting that 
timngofirng is not intrinsic to ARS fragment but depndet on the context of the locus 
c;(Hay 川 et al.， 207). Furthemore ， the results of staistωanly sugest 制
distribution of the early and late origins does not result from random choice of pre-RCs at 
least in chromse 1 and in the left arm of chromse II (Table 1-1). Thes results are 
consistent with the idea that replication origins are cordinately regulated in broad 
chromse regions ， such as chromatin domains ， whic has ben document in higher 
eukaryotes (Schwaiger and Schubelr ， 206). 
In metazon organism ， diferent chromatin structures representing chromatin-
bandig paterns replicate with diferent timng in S phase (Takebayshi et al.， 205). 
Growing evidenc sugest cordinated regulation of replication timng and transcriptional
activity in chromatin domains (MacAlpine et al.， 204; Schubelr et al.， 20; Schwaiger and 




in regulation of chromatin activities. Histone deacetylase inhibitors alter replication timng 
in malian cells (Bickmore and Carothers ， 195). 1n buding yeast ， the Rpd3-Sin 
histone deacetylase a百'e cts replication timng of origins ， whic is indepndet of its role in 
transcription (Aparico et al.， 204). Thus ， it is of interest whetr histone-modifcations are 
involed in regulation of replicatin timng on fision yeast chromse and ， if this is the 
case ， whetr the regulation of replicatin corelates with transcriptional regulation. 
1 showed that the late origins in subtelomeric and arm regions incorporated BrdU in 
HU-arestd late S phase in cdsl l1 mutan (Fig. 1-8 and 1-9). Thes results are consistent 
with the finding that single stranded DNA acumlates at subtelomeric regions and other 
chromse loci in HU-arestd cdsl l1 cels (Feng et al ， 206). It should be noted ， howevr ， 
cdsl l1 -specific BrdU incorporation at the late origins was much les eficient than those at the 
early origins (Fig. 1-8) ， sugesting that replication initiation ocurs only in smal poulation 
of cells. This is consistent with the report that deletion of Rad3 does not significantly 
change the number of origins identified by DNA content increase (Heichinger et al.， 206). 
Therfore ， both checkpoint-'depndent and chekpoint-indepndet regulations may acount 
for supresion of initiatin from the late origins. 
Distribution and regulation of replication origins in functional genomic loci 
Using the tiling aray and Ch1P-qCR method ， overal replication profiles of centromer ， 
telomer and the mat locus in fision yeast wer shown in this study. Unlike euchromatic 
arm regions ， pre-RCs are highly abundt in constitutive hetrochromatic regions. 
1nterestingly ， those origins in hetrochromatic regions behav distinctly in each locus. The 
origns in subtelomeric regions are not activated in earlY S phase (Fi g. 1-1) ， while those in 
pericentromer and the silent mat K-locus replicate in early S phase (Figs. 1-12 and 1-13). 
Consitent with these observations ， a part of the early origins in pericentromer and the silent 
mat locus and late replication of subtelomer wer reported previously (Kim et al.， 203; Kim 
and Huberman ， 201; Smith et al.， 195). The activation of origins in pericentromer and 
the silent mαt K-Iocus wil be anlyzed and discused farther in Part II. 
1n buding yeast ， mutaions in Sir3 result in both increased gen expresion 
(Wyrick et al.， 19) and firing of silent replication origins in subtelomeric regions 
(Stevnso and Gotschling ， 199). 1n fision yeast ， Swi6 ， a fision yeast homlgue of 
hetrochromatin protein 1 (HP1) ， is required for represion of transcription by 
17 
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hetrochromatin structures extndig from the telomer ends (Kanoh et al.， 205) ， aIt houg it 
is not likely that Swi6 is involed in represion of the subtelomeric late origin firing (se Part 
11). On the other hand ， 1 showed that ， in the absenc of Cds1 ， BrdU incorporation increased 
at subtelomeric regions after prolnged incubation wIth HU (Fig. 1-9) ， sugesting that Cds1 
has an importan role in represion of subtelomer replication under replication stres. 
Progresion of replication fork at subtelomeric region may be particularly sensitive to 
replication stres and this may be avoide by strict supresion of initiatiII. Highly 
clustered pre-RCs in the subtelomeric regions might be required for eficient replication in 
very late S phase. A It ernatively ， they might play some role in telomer mainteance. 
The results of this study clearly demonstraed distinct replication profiles at 
centromer; replication initiates at the pericentromeric repeats (otr) but not at the core regions 
(cnt) (Fig. 1-12). Althoug the cntl and cnt2 fragments cloned on plasmidexhibt ARS 
activity ， thes replicators do not fire in thenative centrome (Smith et al.， 195; Takhsi et 
al.， 192). Remarkbly ， Mcm6 or Mcm2 was not localized at the core regions on all thre 
chromse despite of Or c1 and Orc4 enrichment (Fi g. 1-12B). It should be noted that ' 
supresion of pre-RC formation ont ORC bound origins was observd in the core 
centrome and the telomeric end ， sugesting that interactions of ORC with pre-RC 
compnets might be interfered by centromeric core and telomer specific proteins ， 
respectively. Since ORC but not MCM is alowed to bind to these sites ， it would be posible 
that ORC is involed in kinetochore and/or telomer functions. Posible involemnt of 
ORC in many diferent celular functions including cytokinesi has ben sugested in 
di 百erent species (Prasnth et al.， 204; Saski and Gilbert ， 207). 
Early replication at the pericentromeric repeats and the absenc of initiatin at the 
centromeric cores may ensure establishment of cohesion at pericentromeric hetrochromatin 
before kinetochre re-asembly on duplicated cnt. Thus ， distinct replication paterns of 
centromeric subdomain might be importan for centrome functions. Earlier replication of 




MATERIALS AND METHODS 
Yeast strains and gentics 
Al S. pombe strains used are listed in Table' 1-2. Fision yeast strains wer cultured in 
complet YE medium (0 .5% yeast extract and 3% glucose) and Edinburgh minal medium 
(Moren et al.， 191). Al solid media contain 2% agar. Transformation of S. pombe was 
perfomed by electroporation and lithium acetate method (Forsburg ， 203). 
Construcion of yeast cels expresing thymidne kinase gen 
A fision yeast strain expresing the herpes simplex virus thymidne kinase gen (T K) was 
obtained as below. For integrationf TK-ura4+ fragment into ura4 locus ， PCR-amplifed 
upstream (-1078 to -579 bp) and downstream (+124 to +1594 bp) locus of ura4+ gen was 
c1 0ned into BαmHI site of pBl uescript 11 SK( +) by using primers 5' .，. 
AAAGGATCCTGCAGGCATGAAGAATTGGTTATCC-3' and 5'-




AAAGGATCCTCGAGCCTGCAGGAGACGGTTCA-3' ， respectively ， resulting in pBS-
ura4p (pMH9)and pBS-ura4dw (pMH lO). To obtain pMH2 ， a HindI and' SseI837 
fragment of pMH9was c1 0ned into modifed pBl uescript 11 ， wher XhoI-Nt fragment was 
replaced with a fragment carying Xhol-NtICa-Hind Il I-SseI837 recognition sites. A 1. 8 
kb ura4+ fragmentws inserted at HindI site of thepMH2 genrating pMH3 ， and then both 
the XhoI-N tI fragment of pMH lO and NotI fragment of pUC-nmt-Notwer c1 0ned into 
XhoI-No tI site of pMH3 ， resulting in pMH5. The TK gen was re- c1 oned from the pGAD-
TK plasmid (Katou et al.， 203) into the BamHI site betwn the nmtl promter and 
terminator sequnces (Maundrel ， 193) on pMH5 to create pMH6. pMH6 was digested by 
SseI837 and used for transformation of HM52 (h+ ura4-D18 leul-32). 
Chromatin imunoprectai (ChIP) asy 
ChIP asay was perfomd esentialy as described previously (Takhashi et al.， 203). For 
examination of pre-RC localization at cnt and ChIP on chip analysis ，I used ChIP samples 
previously prepared by Dr. Tatsuro Takhasi (Takhashi et al.， 203). In brief ， HM568 (h' 
nda3-KM31 cdlO-129 orpl にorpl そflag ura4-D18 leul-32) cels harboring pREP82-cd c1 8 
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and pREP81-cd t1 wer cultured at 28 0 C for 16 hr to expres Cd c1 8 and Cdtl from inducible 
nmtl promters and then at 20 0 C for 4 hr for M-phase ares t. Cels synchronusly 
rentering the cell cy c1 e wer incubated at 36 0 C， the restrictive temperature for the cd c1 0-129 ， 
for 3hr to arest them in G 1 phase. Cel extracts wer used for Ch1P asays with mouse anti-
Flag (Sigma-Aldrich) ， rabit anti-Orc4 ， rabit anti-Mcm2 or rabit anti-Mcm6 antibodiesa 
described earlier (Takhashi et al.， 203). To anlyze localization of pre-RC and RPA in the 
subtelomer and the silent mat locus ， HMU82 (h 90 cd25- nmtl ・TK) cels wer arested in 
early S phase by HU at 25 0 C for 80 min after G2/M synchronization (36 0 C， 3 hr). Cel 
extract was used for Ch1P asays with rabit anti-Orc4 ， rabit anti-Mcm6 or rabit anti-Ssb2 
antibodies. Recovry of DNA was quantified by real time PCR using prim 町 s amplifying 
r j S 1 帥
BrdU incorpation 
HM68 (h cd25- ura4-D18:ur α4+nmtl-TK+) cels grown in EMM medium lacking 
thiamine to induce transcription of the TK gen at 25 0 C for 18 hr to 1 x 10 7 cels/ml wer 
arested at the G2/M boundary for 3 hr at 36 0 C and then released for 90 min at 25 0 C in the 
presnce of 200μM 5-bromdeoxyuridne (BrdU) and 10 m M  hydroxuea (HU). Cels (1 
X 10 8) wer fixed with coldwater containg 0.1 % sodium azide and the total celular DNA 
was purified as described (Raghurmn et al.， 201). DNA was digested with HaeI1 and 
centrifuged in 1. 7 ml of the Csl solution containg 10 m M  Tris-HCl (pH 7.4)， 1 m M  EDTA 
and 150 m M  NaCl (the refractive index at 25 0 C adjusted to 1. 403) in a Hitachi RP120VT 
rotor at 80 ，0 rpm for 14 hr at 20 oC. Fractions (120μ1 each) colected from the top wer 
dialyzed using the Micro Dialysis System (G1BCO BRL) and recovery of DNA in each 
fraction was anlyzed after PCR-amplifcation with αrs204 and no nA RS primers. DNA in 
the HL-density fractions was poled and used for the tiling-aray analysis as described below. 
For quantitative analysis ， DNA in each fraction was anlyzed by real time PCR using SYBR 
Gren 1 in 730 Real Time PCR System (Aplied Biosytems). Primers used for real time 
PCR are listed in Table 1-3: 
Tilng ary (chip) anlysi 
s. pombe chromse II-1II high-density oligonu c1 eotide tiling-arays and whole 
chromse tiling-arays wer produce by Afymetrix Custom Expres Service 
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(S_pombea52016F ， P/N 5016; pombeAla5209 ， P/N 5209). Sequnces and 
positions of oligonucleotides on the aray are available from Afymetrix. Amplifcation of 
chromatin-munopreciptaed and total DNA ， labeling with biotn-N6dATP ， hybridization 
and primay data analyses wer perfomed by Dr. Yuki Katou and Dr. Takehio It oh as 
described (Katou et al.， 203). For discrimination of positive and negative signals ， the ChIP 
fraction or BrdU DNA in heavy-light fractions from early S phase cels was compared with 
total celular DNA without imunopreciptaion or total DNA from G2/M phase cels ， 
respectively ， using thre criteria. First ， reliability of the strength of signals was judge by 
the detection P-value for each locus (P ::;; 0.025). Second ， reliability of binding ratios was 
judge by change in P-values (P ::;; 0.025). Third ， clusters consisting of at least thre 
f7contiguous loci thatfulfiled the abovetwoc 山 ria wer selected. Al data of tl 則 ili 時 aray
analysis are acesible at the website 
(htp:/w.nature.com/embojlournalv26/n5/supinfo /7 60158a.html). 
ARS asy 
Intergenic regions of the indicated locus wer PCR amplifed and cloned into pYCl ， a
derivative of pBl uescript II SK( うcarying the LEU2 gen (Okuno et al.， 197) ， resulting in 
pMH12 ， 13 ， 14 ， 15 ， 16 ， 17 ， 18 ， 19" 20 ，21 and 2 ， and usedfor transformation of HM123 (h 
leul-32). After 4 days incubation on EMM plates at 30 oC， ARS plasmids yielded yisible 
transformants at a high frequency. 
Two-dimensal gel elctrophoresi 
HM68 cels arested at G2/M block wer relased at 25 0 C for 90 min in the presnce of 10 
m M  H D. DNA was prepared and digested with indicated restriction enzyms in agrose 
plugs (Arcangioli ， 198). Fractions enriched for replication intermediates wer obtained by 
melting the agrose plugs as described below (D r. Kanji Furya ， personal comunication). 
Folwing 2 h digestion of genomic DNA with restriction enzyms (40 U/plug) ， the plugs 
wer incubated at 70 0 C for 10 min ， and then incubated at 37 0 C for 1 h with the restriction 
enzyms (40 U/plug) ， B-Agarse 1 (2 U/plug ， New Englad Bio Labs Inc.) and RNaseA (1 
μg/plug ， Sigma-Aldrich Inc.). Supernatnt was colected after centrifugation at 13 ，0 r.p.m. 
for 10 min and DNA was precipitated with isoprano l. The replication intermediates wer 
anlyzed by neutralneutral 2D gel electrophoresis as described previously (Brew and 
21 
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Fangman ， 1987). 
Statistical analysis 
To test the randomes of distributin of the early and late origins ， 1 used Wald- Wolfwitz 
runs test (Chang ， 200). A 'run' means a sequnce of adjacent equal symbols. For 
exampl ， the sequnce “EELLELLLELE" is divde in sevn runs: four of Jhem are 、
made of ‘E' and the others are made of ‘L¥If the two symbol are genrated randomly ， an 
expcted number of runs ，μ， and the variance ， d ， are given asμ= 1 + (2N EN L) / N and d= 
2N EN L(2N EN L - N) / N
2(N - 1) = (μ- 1)(μ- 2) / (N - 1) ， respectively ， wher NEis the number of 
E， N L that ofL ， and N = N E +、N L・ The z s坑ta剖組t“is針叫ti比c i臼s given by z = (伏Rα-μ 同)川仔， wher Rαis 
(ぐ仁ηoでコ t悦he a似ct 刷 m削1
/ ¥  
人
runs is smaler than the expected number of runs ， whic means that each symbol has tendcy 
to be c1 ustered. 1 set the significance level ，α， as 0.01 in the analysis and calculated the z 
statistic for the distribution of the early and late Origins on the left and right arms of each 
chromse except for chromse 111 ， wher the number of late origins is to smal for 
valid statistics. Al the values of z wer negative and 1 could sucesfuly reject nul 
hypothesi that the distribution patern of the early and late origins is random on the whole 
chromse 1 and on the left arm of chromse 11 (P < 0.01) ， wheras the randomes was 
not rejected in the right arm of chromse 11 (P = 0.0198). 
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Table ・2 S.p 明 nbe strains used in this study 
Strain Genotype Figures 1 
HM52 h+ ur ，α4-D18Ieul32 us 氾d for transformation 
HM123 h. leul-32 ‘ 7B 
HM568 h' ura4- Dl 8Ieul-32 nda3-KM31 cd c1 0- J2 9 orpl:5FLAG- 1，2， 7A ， lA ， 12A ， 12B 
HM654 h+ ura4-D18 二ura4+mntl-TK+ leul-32 transformant 
HM668 If cd25- ura4-D18:+mntlTK 1，4，5， 7A ， 7C ， 8， 9， lA ， 12A
HM182 h90 cd25- ura4-D18:+nmtlTK his2 Kint2:ura4+ lB ，13 
HM1405 h' cd25- cdsl 1J. :kanMX6 ura4-D18:+nmtlTK 8，9 
Table I・3 Primes used in this study 
Locus Name Sequnc Source 
ars20 4- 6-F 5'-CGATCGTATCCACA-3' 
ars204 This study 
ars204-6R ターTTTGCTTACATTTTCGGGAACTT A-3' 
no nA RS-70F 5'-TACGCGACGACTGCATAT-3' 
noARS This study 
noARS-70-R 5'-TATCAGACATGAGCCAT-3' 
A T2 08-71F 5'-CGAACAACAGGCTTGGTT AGA-3' 
A T2 08 This study 
AT208-71R 5'-GAGT ACGACTGTTCGATC-3' 
dg-108F 5'-TCAATGTCGCATGACACTC-3' . 
dg 
dg-108R 5'-CTTTGGA TACATTGGGTTT -3' 
This study 
cnt2-1F 5'-GTT ATGATTGCGAGTG-3' 
cnt2 
5' 回 CGACAAGCGTGGATTT ATTTT ATG-3' 
This study 
cnt2-1R 
telo2R-03F 5'-GACT ACAGCCACAAGCT A-3' 
subtelomre This study 
telo2R-03 5'-CATATGACTCATCCT-3' 
TEL-59F 5'-CAGAGAGACT ACAGAGGCGGTTT -3' 
subtelomer This study 
TEL-59-R タ GGATGCCTTATCTGCGACCA-3'
jk682 (1 8K-#I) 5'-A TTTCAGTTGCCAAGGGACA-3' 
subtelomer Kanoh et al. ， 205 
jk683 (18K-#2) 5'-GGGTCAAAACCTGCGCAT A-3' 
subtel iJ mer 
jk386 (14K-#I) タ TTCCAAGT ATGCAGCTATCATC-3' 
Kanoh et α1.， 205 
jk387 (14K-#2) 5'-CATCAGCAACGTCGCCAACT -3' 
jk384 (12K-#I) 5'-GCTCTCGACAAAGCCGTTCT -3' 
subtelomre Kanoh et α1. ，205 
jk385 (1 2K-#) 5'-CAGCAT AACCAACAGTGGTCTTC-3' 
jk620 (E-9K#1) 5'-TCTATCATATCAGTATCATGCA-3' 
subtelomre Kanoh et al. ， 205 
jk621 (E-9K#2) 5'-ACAGT AAACTATGATCGCTTTTGAAGAC-3' 
jk618 (D-6.5K# 1) 5'-GCTACGCTGCAGTGT -3' 
subtelomre Kanoh et al. ， 205 
jk619 (D-6.5K~#2) 5'-GTTGAGCATCTGTCAGAGTA-3' 
jk614 (A-3K#1) 5'-GTCTCGTGCTCGCTCACA-3' 
subtelomer 
5'-GGAGGATGGGAAA TTTTGAGGAT -3' 
Kanoh et al.， 205 
jk615 (A-3K#2) 
jk380 (TEL-O .3 K-#I) ター TATTCTTATCACTACGCACTC-3'
subtelomre Kanoh et α1. ，205 
jk381 (TEL-0.3K#2) ター CAGTAGTGCAGTGTATTATGATAATTAAAATGG-3'
matK-L(8k) 1ー3-F 5'-ATGCGATAGCGCATAG-3' 
mat K-Iocus This study 
matK-L(8k) 1ー3-R デー GGTCTCGTGGCTCTCGGTT -3' 
matK-L(5k)71F タTACCCGATACGGTGCTGGAT-3'
mat K-locus This study 
matK-L(5k) 7ー1-R 5'-ACTTAGACACCGCTA-3' 
matK-IR60F 5'-CAGAGAGACT ACAGAGGCGGTTT -3' 
mat K-Iocus This study 
matK-IR60 5'-CCCAGGACCCCAAACCAT -3' 
matK-L(2k)65F 5'-CATG AGGCATCGAGAAAGCTG-3' 
mat K-locus This study 
matK-L(2k) 6ー5-R 5'-ATACTATGGAGTGACGTGATG-3' 
RT -matK108 F 5'- TCTCCTGCGTGACTC-3' 
mat K-locus This study 
RT-matK108-R 5'-CACCTACATCGTGTACT-3' 
matK(4k)-83F 5'-ACGGAT AGTGCTGCAAA TG 目3'
mat K-locus This study 
matK(4k) 8ー3-R 5'-GTTCATGGGATCCGTCACATT c3' 
matK(7k) 6ー2-F 5'- TCGTCGATGTCT AAGAAGGATCT AG-3' 
mat K-locus This study 
matK(7k) 6ー2-R 5'- TGTTTGTTTTGCTGATCTGTTTTCT -3' 
matK( lO k)-65- F 5'-CTGAATCAAGTGCGCTA-3' 
mat K-locus This study 
matK( lO k)-65R 5'-GCTCTCGCTGCT ACAT 同 3'
matK -R(2.5k) 1ー7 4- F 5'-ATCCAGCACAGCTTG-3' 
mat K-locus This study 
matK-R(2.5k) 1ー74 戸 R 5'- TCCTGCCGAAGTTTCT AATGAG-3' 
matK- R( 6k)-90 F 5'-GATACGGT ATGTCGACTGA-3' 
mat K-locus This study 
matK-R(6k) 9ー0-R ターCGTGTCGTTGGTAGTCTTAGCATT-3'
matK-R(9k) 6ー8-F 5'-ATACAGTGCCAGCTCTGA-3' 
mat K-locus This study 




Part 11: The hetrochromatin protein Swi61HPl activat e， s replication origins 
at pericentromers and the silent mating-type locus 
INTRODUCTION 
Hetrochromatin is highly condesd chromsal regions throughout the cell cycle. In 
many cases hetrochromatin replicates in late S phase and hardly contains transcriptionaly 
active genes. Epigentic inactivation of ectopic gens in hetrochromatic loci provide the 
notion that a highly condes chromatin is inacesible to trans-acting factors. A molecular
mechanis underlying such function has ben explained by the presnce of conservd 
hetrochromatin protein ， HP1 ， whic binds to methylated Lys 9 on histone H3 (H3K9Me) 
with its chrom-dain (Nakym et a1.， 201b). HP1 also dimerizes through its 
chromsadw-in ，. whic probaly gives a basis for higher order chromatin structure at 
hetrochromatin. Howevr ， the situation is not so simple. Growing evidences indicate that 
hetrochromatin is not so an inert and inacesible domain but rather has a dynamic and 
plastic feature (Maison and Almouzni ， 204). Previous study in fision yeast has shown that ， 
among its major constitutive hetrochromatin ， the pericentromer ， the silent mating-type 
(mat) locus and the subtelomer ， the pericentromer and the mat locus contain active 
replication origins that fire in early S phase {Kim et al.， 203; Ki m and Huberman ， 201)(se 
also Part わ. This phenomn also argues against considering hetrochromatin as an inactive 
and static domain and sugest an active叩l伽n山pl~tion in 1日tero 伽 matin ，yet 出e
molecular basis for activation of hetrochromatic replication remaind elusive. 
Recnt studies in fision yeast indicate that Swi6 ， a fision yeast homlgue of HP1 ， 
serves as a molecular pla ぜorm to recruit a variety of e百ectors ，such as factors involved in 
transcriptional silencing ， modifcations of histones ， chromse segregation and evn in 
transcriptional activation (Grewal and Jia ， 207) ， shedipg light on dynamic feature of 
hetrochromatin (Zofal and Grewal ， 206). Morev ， Swi6 has ben shown to interac with 
replication factors ， such as Polα ， a primase at replication fork (Ahmed et al.， 201; Nakyam 
et al.， 201a) ， and Dfpl ， a regulatory subnit of Dbf4-depnt kinase (DK) esential for 




to represent participation in hetrochromatin mainteance and cohesin localization ， 
respectively ， and thus involemnt of Swi6 in regulation of replicatin has remained un c1 ear. 
Initiation of replicatin. proceds in stepwise maner: formation of pre-replicative 
complex (pre-RC) in Gl phase and activation of pre-RC in the folowing S phase (Bel and 
Duta ， 202). In fision yeast ， loading of Sld3 is the furthest upstream reaction in 
activation of pre-RC depndig on DK; then GINS is recruited depndig on CDK ， 
folwed by Cdc45 loading (Yabuchi et aL ， 206). Asembly of DNA polymerase and 
RPA ， a single strand binding protein ， folows theactivation of MCM ， resulting in initiato of 
replication. Each . step has a potentil to be influenced by chromatin context and thus may 
becom a target of hetrochromatin specific regulation of replicatin. 
Her 1 show 由at Swi6 activates hetrochromatic replication origins in 
pericentromer and the mat locus ， whic results in early replication of these loci. In swi6 
deletion mutan ， eficiency of replication initiation reduced in these hetrochromatic loci ， 
resulting in retardation of replicatin kinetics specificaly at the pericentromer and the m αf 
locus. ChIP-qCR analysis show that Swi6 stimulates Sld3 loading at hetrochromatin. 
Point mutaions at a putative chromsadw-in binding (HPl-bindg) motif at C 
terminal region of Dfpl abrogate interaction betwn Swi6 and Dfpl in vitro and early 
replication of Swi6-bound hetrochromatin in vivo. Furthermoe ， tethering Df pl-
chromdain fusion protein to hetrochromatin in the absence of Swi6 restored early 
replication. Thes results strongly sugest that Swi6 recruits DDK through the interaction 
with Dfpl ， whic results in loading of Sld3 and activation of replication origins in hardly 




Swi6 activates replication origns specificaly at the pericntromes and the silent mat 
locus 
To elucidate the role of Swi6 in replication of hetrochromatin ， 1 examind the replication 
kinetics of hetrochromatin loci in wild type and swi6 .1 cells The heavy anlogue 5-brom
2' -deoxyuridne (BrdU) was incorporated into the newly synthesized DNA for various 
periods of the synchronus cell cy c1 e and replicated DNA with heavy-light density was 
separated from non-replicated DNA by Csl density gradient centrifugation. Replication 
eficiencies wer calculated by real-time PCR for replication origins in the pericentromer 
り (Smith et al.， 195) ， the mat locus (matK: 20 kb from t批he児em附?η仰1ωα tlocu 瓜1
(~\l 
L ノ
193) and the s叩ub耐telome 町re (21 kb fro Q1 the telomeric end ， se Part l) (Fig. I-1A; red ， orange ， 
purple lolipops ， respectively) ， as wel as an early replication origin in the euchromatic region 
(α rs204)(Fig. II -lA; black lolipop) and a no-orign locus (noAR S) located at about 30.kb 
from the ars204 origin (Fig. I-1A; white lolipop). Al origins in c1 uding the subtelomeric 
origin have autonmsly replicating activity (ARS activity) when c1 0ned on a plasmid (Fig. 
I-1B). In the wild type ，α1'". s204 replicated earlier thane noARS locus by about 10 min 
(Fig. II-2). The replication kinetics of the pericentromer and matK wer similar to those of 
αrs204 ， showing early replication of these hetrochromatic loci ， wheras the subtelomeric 
origin (subtelomer) replicated much later than the nonARS locus. Morev ， the telomer-
proximal locus (TEL-O .3 K; dark red lolipop in Fi g. I-1A) replicated evn later than the 
subtelomeric origin ， sugesting pasive replication of thesubtelomeric region by a repliction 
fork from telomere-distal side. In swi6 .1 cels ， the profiles of the ars204 and the nonARS 
loci wer similar to those of the wild type (Fig. II-2). The replication kinetics of the 
subtelomer and the TEL-0.3K did not change (Fig. I-2) ， sugesting that the subtelomeric 
origin does not fire eficiently in early S phase in the absenc of Swi6. Surprisingly ， 
howevr ， replication of the pericentromer and mαtK was delayed as late as that of the 
nonARS locus (Fig. I-2) ， indicating that Swi6 is required for early replication of the 
pericentromer and the silent mat locus. To examin whetr this role of Swi6 is depndet 
on its localization at these hetrochromatic loci ， 1 introduced a chrom-dain mutaion ， 
swi6- Wl04A ， whic impairs the interaction of Dorsphila HP1 with H3K9me (J acobs and 
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Fig . Iト1. AI hetrochmatic loci contai autonmously replicating s自quence (ARS) ー
(A) Sche ll1 ati c re pre sentaio n 01 lis sion yeas t euchro ll1 at ic (ars204) and hetroc hro ll1 atic 
(cen trO ll1 er ， the silent ll1 ating type locus and sub telo ll1 er) loc i. T he centra l ver tical box 
f巴pre se nt s a whole view 01 chro ll1 osome 2 along wi th the loca tions 01 ars204 (gray); 
otr ， pericn tro ll1 eric het 巴rochr ll1 atin (r ed) flanking the cen tr al core region (cnt) ; ll1 at the 
ll1 ating ty pe locus (o range ); and sub TEL ， su btel oll1 er ic heter ochr ll1 atin (p urple ). Maps 
01 relvant regions are shown. The dh an d dg re peat s at the outer cen froll1 ere ， cenH in 
the silent ll1 at in g ty pe locus and cen H-l ike in subtelo ll1 er contai sequences involed in 
the establish ll1 ent 01 hetrocmain throug an RNA トde pe nden tmechanis ll1 (red boxes 
O円 each map) . A black bar b自low the map denots the Iragmen t used lor ARS anlysi 
Relvant res tric tion Iragments (ET ， Ec oT21 ; B， BamHI ; E， Ec oRI ) and probes (g ray box) 
used lo r tw o-di ll1 ens io nal gel el巴ctrophresi and southe rn hy br idzaton are shown bel ow 
the ll1 aps (Fi g . 1卜4B) . Lo ll ipops repr 自sent positons 01 the seg ll1 ent an lyzed by quanti ta-
tive rea 卜time PCR . (8) To exa ll1 ine the ARS activ it y 01 het eroch roma tic repl ic at ion or igins 
Iragment s cor 巴spond in g to ars3.0K (S ll1 ith et al. ， 195 ) in the pe ricentomre (dg) and 
ars2PR (Olson et al ， 193) in the mat loc us ， w hic h had ben pre viously describ ， wer
PCR -cloned in to pYC 11 carying 'LEU2 gen. For the subtelo ll1 eric re pli cation origin 、a
Irag ll1 ent that con tains multiple AT -streches charte is ti c in lis io n yeast re plicatio n ori -
gins at 21 kb Iro ll1 the righ t tel oll1 ere 01 chro ll1 os oll1 e 2 was PCR -cloned int o pYC1. Ea ch 
plas ll1 id was in troduce into H M 123 (h ' leu 1-32) lo llowed by 5 days incubation at 30 0C 
Ars2 0 4 and vector ser ve as posi tiv e a円d negat ive con trols ， respecti vely 
Figure I卜2
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Fig I卜2. Early replicaton at the p白ricentromer and the mat locus depends on Swi6 
W il d-ty pe and swi6fl ce ll s carying cd25 -22 were arestd in G2 /M phase at 36 0 C for 3 
hr and the n relasd at 25 0 C in the pres nce of BrdU . At the indca ted time points ， newly
re pl ica ted DNA with heavy -ligh t (HL ) dens it y was separted from unreplicatd light- li g ht 
(L) D N A by CsCI densi ty grad ien t centrifugat ion . R eplicatio n eficenc y was de ter mi ne d 
by qu an titati ve real -tim e PCR with th e pr imers described in Fig. Iト1A
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inserted at the silent mat locus (Fig. I-3B) in the presnce of the mutan protein (Fi g. I-3A) ， 
indicating 出at localization of Swi6 is impaired by the mutation. Strikingly ， 1 observd delay 
in replication of the pericentromer and the silent mat locus in the mutan (Fig. I-3C) ， 
sugesting that H3K9me-dpnt localization of Swi6 is required for early replication of 
these loci. 
To examin whetr the delay in replication of the pericentromer and m αtK in 
swi6 L1 cels is caused by impaired initiation of replication ， replication eficiency was 
measurd in the presnce of hydroxuea (HU). In the wild type ，αrs204 ， the 
pericentromer and matK replicated at eficiencies about ten times higher than the noARS 
and the subtelomer (Fig. I-4A) ， consistent with e百Icient initiation at the pericentromer and 
the silent mat locus. In contrast ， in swi6 L1， the replication eficiencies at the pericentroniere 
and matK wer reduced to the level of the noARS locus ， wheras ars204 replicated as 
eficiently as in the wild type (Fig. I-4A). Thes resu It s sugest that Swi6 is required for 
initiation of replication at these hetrochromatic loci. To examin more directly whetr 
absenc of Swi6 decrease initiation of replicatin at these loci ， replication intermediates wer 
anlyzed by two-dimensional (2D) gel electrophoresis. In the wild type ， the presnce of 
bule arcs. at ars204 ， the dh and dg repeats of the pericentromer and the matK locus 
indicates initiation of replicatin at these loci (Fig. I-4B ， arowheads). Strong Y arcsat the 
dh and dg repeats probaly represent pasive replication from neighboring repeats. In swi6 L1 
cels ， the bule arcs wer reduced at the dh and dg repeats and the matK locus but not at 
ars204 ， indicating reduced initiation of replicatin specificaly at the pericentromer and the 
mat locus (Fig. I-4B). In adition ， the Y arcs at the pericentromeric repeats wer reduced ， 
whic is consistent with impaired initiation at the repeats (Fi g. II -4 B). Thes resu It s confirm
that Swi6 is required for eficient initiation of replicatin at the pericentromer and the silent 
mat locus. 
Swi6 stimulates Sld3 loading at the pericntromes and the silent mat locus 
The initiation proces consists of asembly of initiatin factors at replication origins. In 
fision yeast ， the factors asembl in a distinct order (Yabuchi et al.， 206)( Fi g. I-5A). To 
elucidate the mechanism by whic Swi6 stimulates initiation of replication ， we examind 
localization of replication factors at origins using chromatin imunopreciptaion (ChIP) 
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Fig. 11-3. Swi6 promtes early replication at the pericntomer and the mat locus in a 
chromo-domain dependent manne r. (A) The exprsion 01 Swi6-W1 04A was conlirmed 
Wild type (wt) ， swi6 L¥ or swi6- WI 04A cel ls were harvestd and the cel extracts wer an-
Iyzed by westrn bloting with anti-Sw6 (top) or anti-TA1 (botm) antibodies. TA1 serv 
as a loading contr l. (8) The point mutaion swi6-W lO 4A impars the silencing at the silent 
mat locus. Silencig 01 a ura ψmarker inserld at the silent mat locus was examined by 
growth on selctive rnedia. Ten-Iold-iluted cultres 01 indcated strains wer plated ont 
noselctiv mediurn (NS) ， medium containg 5-FOA (FOA) and medium lacking uracil 
(-ura). (C) Chrom-domain 01 Swi6 is required lor early replication at the peric 巴ntrome
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Fig. I卜4. Swi6 promotes liring 01 origns in early S phase specil 創Iy at th e pericn-
tromer and the mat locus. (A) Replicaton efic ie円cy was detrmin d in wild-type and 
swi6J cels in the presnce 01 H U (10 mM) at 10 min after re lease from G2/M synchro 卜
zation. Ero ba rs repsnt standr deviatons. (8 ) Swi6 promtes in ita tion 01 replica-
tion at the pericntom and the mat loc us. Re plication intermdiates pread from 
wild-type or swi6J ce ll s w ith H U at 80 m in after relas from G2/M arest were anlyzed 
by neutral-neut ra l two-dimensal gel el 巴ctrophresi. Arowheads ind icate bule arcs 
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Fig. 11-5. Swi6 stimulae loading 01 SId3 at the pericntomer and the mat locus. 
(A) A model for rep li cation init iaton in lision yeas t. ORC and M C M complexs bind to rep-
lica tion origins to form pre-replicati ve comp le xes (pre-RCs) in G 1 phase . At the onset 01 
S phase ， SId3 binds to origi 円s in a OK-depndent maner ， and then the GINS complex 
is recruited in a CO K -depnt maner 、lowed by load ing 01 Cdc45 belor the single 
strand O NA bindig pro t自in (RPA) binds. (8-G) Localization 01 SId3 to the pericn trome re 
and the mat locus is impared in swi6 Ll cels . Loca lizaton 01 Orc4 (8 )， Mcm6 (C). SId3 
5F lag (0 )， Psf2-5Flag (E )， Cdc45-Flag (F) and Ssb2 (G ) at euchromati and hetroch-
matic loci was examined by Ch lP using quantiat iv e rea l-t ime PCR. Wild-type and swi 6Ll 
cels ， cary ing psl2-5 Flag or cd45-Flag ， wer arestd in early S phase by HU lor 80 min 
after G2 /M synchro iz ation (8， C ， E-G). Wild-type and swi6 Ll cels ， carying sld3 -5F lag 
wer arestd in early S phase by using mcm5 mutan (Yamada et al. ， 204) after G2 /M 
synchro 円ization (0) . Recover y rat ios 01 imu nopreci pitated ONA to total ONA at the indi 
ca ted loci wer normalize d to the value 01 nonARS locus . Eror bars rep sent standr 
de via tions 
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swi6 L1 cels arested in early S phase by H D. Orc4-ChIP analysis in wild type revealed that 
the ars204 ， pericentromer and matK fragments wer enriched relative to the noARS locus ， 
indicating localization .of ORC at these origins (Fig. I-5B). Absenc of Swi6 did not afect 
localization of Orc4 (Fig. I-5B). Similarly ， the preferential localization of Mcm6 at 
ars204 ， pericentromer and matK was not decreased in swi6 L1 cels (Fi g. I-5C) ， indicating 
that Swi6 is not requiredfor pre-RC formation at 由e pericentromr and the silent mat locus. 
In contrast ， localization of Sld3 was decreased in swi6 L1 cells at the pericentromer and matK 
but not atα rs204 (Fig. I-5D). Consitent with this observation ， localization of Psf2 (a 
compnetof GINS) ， Cdc45 and Ssb2 (a compnet of RPA) ， whic depn on Sld3 ， was 
reduced at the pericentromer and the matK locus in swi6 L1 (Figs. I-5E-G). Thes results 
(~， strongly sugest that Swi6 stimulates loading of Sld3 onto origins in the pericentromer and 
the silent mat locus. 
Physical interaction betwn Swi6 and Dfpl is requid for early replication at the 
pericntomers and the silent mat locus 
Then I adresed the molecular mechanis of the stimulation of Sld3-10ading by Swi6. It 
has ben reported that a C-terminl region of Dfpl ， whic contains a putative chromsadw-
domain binding (HP1-bindg) motif (PxV LlIl V) ， is involved in the interaction with Swi6 
(Bailis et a1.， 203). This interaction was thought to besparble from initiation act.ivity of 
DDK ， because overal DNA replication apeard to be normal in a d.，か 1 mutan lacking the C-
terminal region (Bailis et a1.， 203). Howevr ， since DDK is required for loading of Sld3 
onto replication origins (Yamd et a1.， 204) ， I examind the posibility thathe interaction 
is required for initiation of replication specificaly at the pericentromer and the silent mat 
locus. To verify the interaction of Swi6 with Dfpl in vitro ， S-petide taged Dfpl was 
mixed with GST-Swi6 or GST alone and puled down with glutathione beads. Dfpl was 
recoverd wIth GST-wi6 but not w江h GST alone ， indicating that Dfpl interacts directly with 
Swi6(Fg. I-6B ， lanes 6 and 10). I then tested whetr the HP1-bindg motif of Dfpl is 
required for the interaction ， by introducing amino acid changes in the motif (Fi g. I-6A). 
Recovry of Dfpl-3A (carying P47A ， V49A and 145A substitutions) and Dfpl-2E 
(V48E and V49E) by pul-down asay was greatly reduced compared with wild type Dfpl 
(Fig. I-6B ， lanes 11 and 12) ， indicating that the motif is required for the interaction. To 
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Fig.1 ト6. 丁訂e HP1-blndig motif in Dfp1 is requid for eficlent interaction with Swl6 偶
(A) Theamino acid se 号uence of the HP1-bindg motif in the C-terminal region of Dfp1 and 
the substiutions in the. motif (Dfp 1・3A and Dfp1 ・2E) are shown. (8)τhe point mutaions 
reduc the eficency of interaction わetwen Swi6 and Dfp1. S-petid taged Dfp1 ， Dfp1 ・
3Aand Dfp1 ・2E exprsd in vitro wer incubated with GSτor GST-Swi6 in the presnc of 
glutahione beads ， and bead-bound proteins wer anlyzed むy westrn むloting with anti-S 
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Fig. I卜7. Early replicaton 01 the pericentromare and tha mat locus depends on the 
HP1-binding motil 01 Dfp1. Repl ic ation kine tic s in dfp1-3A (A ) or dわ1- 2E (B) ce ll s w e re 
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Fig .II-8 . Swi6 localization at hetrocmatin is mainted in the dfp1-3A mutan t. 
The lo ca liza tion of Swi6 was anlyzed by ChlP in w il d type ， swi 6LJ and d: 月p1-3A cels ar-
restd in 自arl y S phase by HU . Reco ver y ratios 01 imunoprectad DNA 10 lotal D N A 
at the indicated loc i are shown . Eror bars rep res nt stand rd de viatio ns 
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gen was replaced with d.fJ フ1-3A. Replication of the pericen 仕omer and matK in d. か1-3A
cels was delayed to that ofthe nonARS locus ， similar to the results observd in swi6 L1 cels 
(Fig. I-7A ， compare with Fig. II-2). The φ1-2E mutaion caused similar delay in 
replication of the pericentromer and the mαtK (Fi g. I-7B). Localization of Swi6 at 
hetrochromatin was not significantly a1 tered by the d.fJ フ1-3A mutaion (Fig. II -8) ， sugesting 
that DDK functions downstream of Swi6 localization. Thes results show that the 
interaction of Swi6 with Dfpl is required for early replication at the pericentromer and the 
silent mat locus. 1 atempted to detrmine localization of DDK by ChIP analysis in order to 
ases whetr recruitment of DDK to these hetrochromatic loci is depnt on Swi6. 
Howevr ， because of the low signal-noise ratio of imunopreciptaed DNA with S-4FLAG-
Dfpl or Dfpl-13Myc ， 1 could not locate DDK at the pericentromer ， the matK or evn at the 
euchromatic origin ars204 (data not shown). Moievr ， taging C-terminal region by 
13Myc caused defect in replication at the pericentromer locus (data not shown) ， sugesting 
that the C-terminal tag a百'e cts the interaction betwn Swi6 and Dfp 1. 
Forced recuitmn of Dfpl to the pericntomes and the silent mat locus in the 
absenc of Swi6 restores early replication of the loci 
The resu 1t s described above promted me to examin whetr forcedlocalization of DDK at 
the pericentromer and the silent mat locus would restore early replication in the absenc of 
Swi6. To localize Dfpl to these loci in swi6 L1 cels ， Dfpl fused at the C-terininus with two 
tandemcopis of the chrom-dain (CD) of Swi6 ， whic binds to H3K9me ， was expresd 
from the native dfpl-romter ， becaus H3K9me remains in the pericentromer and at the 
specific sites within the silent mat region indepndetly from Swi6 (Hal et al.， 20; 
Nakyam et al.， 201b; Sadie et al.， 204). As shown in figure I-9A ， early replication of 
the pericentromer and matK was restored in swi6 L1 φl-CFP-2CD cells. As a control ， 
expresion of CFP-2CD withoufsion to Dfpl did not significantly afect replication of these 
loci (Fig. I-9A). Consitent with these results ， 1confirmed that bule arcs wer restored at 
the pericentromer and the silent mat locus in swi6 L1 cels by expresing Dfpl-CFP-2CD ， but 
not by expresing CFP-2CD (Fig. II- lO). 1 also showed thatethering of Dfpl-3ACFP-2CD 
to the pericentromer and the mat locus in swi6 L1 cels restored early replication( Fi g. I-9B) ， 
sugesting that delayed replication of these loci in d.fJ ヮ1-3A cels was caused by ineficient
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Fig.1 ・9 . Tethring 01 Dlp1 r自store early replication timng at the pericntrome 
and the mat locus in the absence 01 Swi6. (A ， B) Dlp 1-CFP-2CD or Dfp1-3A C FP-
2CD restores earl y replicat ion timng at the peric 自ntrome and the mat locus in the ab-
sence of Swi6 . Dfp1 or Dfp1-3A was fus 自d with C FP and tw o tandem copies of chrom-
domain (CD ) of Swi6 and exprsed from the nat iv e dわ1+promo te r in swi6 L1 cels . Rep-
li ca tion kine tics in swi 6L1 dfp 1-CFP-2CD and swi 6L1 CFP-2CD cels (A) or swi6 Ll dわ1-
3A-CFP-2CD cels (B) wer anlyzed as in Fig. 1卜2
J 
Figure 1-10 
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Fig. 1I・ 10. Expresion of Df p1 回 CFP-2CD resto initiation of replication at the per ト
centrome and the mat locus in swi6 .d cels. Replication intermdiates pread from 
swi6 .d cels exprsing Dfp1-CFP-2CD or CFP-2CD wer anlyzed as describ in Fig 
1-48. Arowheads indicate bule arcs. 
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Figure Iト11












Fig . I卜11 . Dfp1-CFP ぞCD localizes 10 Ihe p自ricenlom and Ihe mat locus in swi6 Ll 
cels. ChlP ana lysis using anti-GFP anti body for CFP-tag was pe rfo rmed in swi6 Ll dわれ
CFP-2CD and swi 6L!. C FP-2CD cels as describ in Fig. 11- 5B-G 
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replication origins. by recruiting DDK to hetrochromatic loci. It should be noted that 
replication of the subtelomer was not significantly altered in swi6 L1 dfpl-CFP-2CD cells (Fig. 
I-9A). ChIP analysis showed that Dfp1-CFP2CD is localized at the pericentromer and 
matKlocus ， but not at the subtelomer (Fig. 1-1). The absence of J;) fp1-CFP2D from the 
subtelomer in swi6 L1 is probaly a result of decreased mainteance and spreading of 
H3K9me in the subtelomer in the absence of Swi6 (Cam et al.， 205)(Kanoh et al.， 205). 
The H3K9me-dpendt asembly of hetrocmatin compnets in the absenc of 
Swi6 is responsible for the delay of replication at the pericntromes 
The results sugest that aces of DDK to the pericentromer and the silent mat locus ， whic 
(、 is crucial for activation of replicatin origins in these loci ， is hinderd in swi6 L1 cells. To test 
the posibility that remaing hetrochromatin compnets that bind to H3K9me in the 
absenc of Swi6 are responsible for the delay in replicato ， 1examind the efects of deletion 
of clr4+ ， a fision yeast homlgue of Su(var)3-9 histone methyltransferase ， on replicatio in 
swi6 L1 background ， since localization of known hetrochromatin compnets was abrogated 
in clr4 L1 cels (Cam et al.， 205). In swi6 L1 clr4 L1 cels ， the pericentromer replicated in early 
S phase ， suporting the notion th 剖 the remaing hetrochromatin structures are responsible 
for the delay in replication (Fig. 1-12). Interestingly ， howevr ， replication timng at the 
matK remaind as late as the nonARS locus. 1 wonder whetr pre-RC formation is 
maintained in the absenc of hetrochromatin asembly ， because los of clr4 results in de-
represion of transcriptioncresponding to no-cding RNA in hetrochromatic loci (Cam et 
al.， 205) ， whic might disturb pre-RC formation by removal of ORC complex (Mori and 
Shirahige ， 207). ChIP analysis was perfomed using extract from swi6 L1 clr4 L1 cels Utken at 
60 ・minute intervals in the presnce of HU after G2/M synchronization. At 0 min (G2/M 
phase) ， Orc4 but not Mcm6 signals wer enriched at the ars204 ， the pericentromer and the 
matK locus ， sugesting ORC binding to these loci (Fi g. 1-13). Morev ， continuos 
localization of Orc4 and Mcm6 at the ars204 ， as wel as pericentromer and the mαtK locus ， 
wasobervd from 60 min to 180 min after G2/M release (Fig. I-13) ， sugesting pre-RC 
formation in the absenc of hetrochromatin compnets. Since MCM leaves a repliction 
origin after initiation of replicatin ， acumlation of Mcm6 at the matK locus at 120 min and 
180 min may result from ineficient initiation. From these results ， in the absenc of Swi6 ， 
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Fig. 1-12. Deltion of the clr4 + in swi6 Ll background restores early replication 
at the pericntom but not at the mat locus. Replication kinetics of indicated 
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Fig Iト13 . Pre-RC is lormed at the pericntomer and the mat locus in the ab-
S白nce 01 hetrochmatin asembly. The local izaton 01 Orc4 and Mcm6 was an-
Iy zed by C hlP in swi6 l1 clr4 l1 cels. Samples wer taken at 60-minute inter va ls alt 自「
G2 /M ar 自st. Recovry ra tios 01 imunoprec ip ita ted DNA to to tal DNA at the indica te d 
loci wer no rmali zed 10 the va lue 01 nonARS locus 
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pre-RCs at the pericentromer ， wheras some other mechanism() may be responsible for the 
supresion at the silent mat locus. Both supresive mechanis are overcm by 
localization of Swi6 that recruits Dfp1 to the loci. In contrast to these loci ， the 
subtelomers replicated in very late in wild type ， swi6 L1 and swi6 L1 clr4 L1 (Figs. I-2 and I-12). 
Ther sem to be distinct supresing mechanism() specific to the subtelomers ， because it 
invalidates the positive efect of Swi6. Thes results sugest that replication origins are 
supresed by di 百'e rent mechanis at thre hetrochromatic loci. 
Forced recuitmen of Dfpl to the subtelomres acelrates replication timng 
1 questioned why the subtelomer replicates in late S phase regardles of Swi6 localization. 
ぐ¥ Orc4 and Mcr 凶 wer localized at the s耐伽悶c ARS in early S phase in wild type and 
swi6 L1 cels ， wheras Sld3 ， Psf2 ， Cdc45 or Ssb2 wer not eficien tI y enriched at the 
subtelomeric ARS in either cell (Fig. I-14). Considering that DDK plays a pivotal role in 
replication of the pericentromer and the silent mat locus ， it is posible that the subtelomeric 
region is highly inacesible to DDK ， resulting in late replication. 1 examind whetr 
forced recruitment of DDK would acelerate replication in subtelomeric hetrochromatin by 
expresing Dfp1-CFP-2CD or CFP-2CD in wild type cells ， in whic H3K9me is maintained 
at the subtelomer by a Swi6-depnt mechanis (Kanoh et al.， 205). Expresion of 
CFP-: c2 CD did not alter the replication kinetics of the subtelomer ，as wel as the TEL-0.3K ， 
relative toars204 and the nonARS locus ， although replication of the pericentromer and 
matK was sligh tI y delayed (Fig. I-15) ， probaly because CFP-2CD compets with Swi6 for 
b- inding to H3K9me. In contrast ， expresion of Dfp1-CFP2CD acelerated replication of 
the subtelomer to be similar to that of the noARS locus ， wheras the replication kinetics of 
the pericentromer and mαtK wer not significan tI y altered (Fig. II -15). Consitent with this 
result ， replication timng of the TEL-O .3 K was also acelerated to the similar extent of the 
subtelomer. Thes results sugest that subtelomeric origins are activated ， at least partialy ， 
by tethering of DD K. 
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Figure I卜14
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Fig ， 1-14 ， Initiation of replication at the subtelomric ARS is inhibted after Pre-RC 
formatin in both wild type and swi6 L1 cels ， ChlP samples in Fig ， 1-5B-G we re ex-
amined by quantitat ive rea l-time PCR using the subtelomric pr imers sho w n in Fig， 
l卜1A
。
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The results presntedhre shed light on the dynamic nature of hetrochromatin ， providng the 
first exampl of a hetrochromtin protein actively regulating initiation of DNA replication 
and the molecular evidences for the regulation of initiatin by chromatin. structures. 1 found
that Sld3 loading and ea r1 y firing Of origins in the pericentromer and the silent mat locus are 
stimulated by Swi6 (日 gs. I-2 ， 3C ， 4 and5D). Swi6 physicaly interacts with Dfpl through 
the HP1-bindg motif in Dfpl ， whic is required for early replication of the pericentromer 
and the si1 ent mat locus (Fi gs. I-6B and 7). Furthermoe ， tethering Dfpl or Dfpl-3A to the 
loci restored ea r1 y replication in the absence of Swi6 (Fi gs. I-9 and 10). 
Regulation of replication origns in the pericntomer and the silent mat locus 
From the results in this study ， 1 prose a model: Swi6 recruits DDK to pre-RCs in the 
hetrochromatic pericentromer and the silent mat locus in ea r1 y S phase and stimulates 
DK-depnt asembly of the replication factor Sld3 (Fig. I-16). The unde r1 ying 
molecular mechanis is H3K9me-dpnt localization of Swi6 and consequnt Swi6-
depnt localization of Dfp 1. 
The model presnted her is compatible with the notion that H3K9me-dpnt 
hetrochromatin structures themslves are inacesible to trans-acting factors ， because 
replication is delayed in dfl フ1-3A and swi6 L1 cels lacking the interaction of Df p 1 with Swi6 
(Fi g. I-16) ， and the delay in replication of the pericentromer was canceld in swi6 L1 clr4 L1 
cels (Fig. I-12). On the other hand ， other mechanism() is responsible for the delay in 
replication of the silent mαt locus in the absenc of hetrochromatin asembly (Fi g. I-12). It 
was reported both the centromer and the mat locus preferentialy localize adjacent to the 
spindle pole body (SPB) (Alfredson-Timns et al.， 207; Funabik et al.， 193). Since 
subnuclear position has ben prosed to be important for regulation of replication timng 
(Gilbert ， 20) ， and the deletion of clr4 disrupts subndear localization of the matlocus 
(Alfredson-Timns et al.， 207) but not that of the centromer (Ekwal et al.， 196) ， 
localization adjacent to the SPB might be required for early replication of the pericentromer 
in the absenc of hetrochromatin asembly. The unde r1 ying molecular mechanis remains 
to be show Ii. 
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how other replication factors ， such as MCM ， GINS and Cdc45 ， are recruited to the origins in 
the pericentromer and the silent mat locus? It has shown recently that H3K9me and Swi6 
localization are regulated in cel-cycle-depedet maner (Chen et al.， 208). The amount 
ofH3K9me and Swi6 in the hetrochromatic loci reduces in G 1 phase of the cell cycle ， whic 
is the period of pre-RC formation. Thus ， MCM may be loade onto hetrochromatic loci 
without the inhibitory efect of the hetrochromatin structure. On the other hand ， 
hetrochromatin structure must be formed when Swi6 recruits DDK ， thus it posibly inhibits 
recruitment of downstream factors. Since DDK has ben proposed- to phosphorylate the 
subunits of MCM complex (Masi et al.， 206) ， as wel as Swi6 (Bailis et al.， 203) ， it is
posible that the phosphorylation-depndent structural change of chromatin around origins 
o alows recruitment of downstream factors. St 削 ural 伽 nge of origin 伽 omatin by the 
efect of DDK phosphorylation is sugested in buding yeast (Geraghty et al.， 200). 
Implication for regulation of replication in subtelomr 
This study also sugest that the subtelomer region may poses another mechanis that 
counteracts the positive efect of Swi6 (Fig. I-16). Persistent supresion of replicatin and 
the resulting late replication may be involveo in control of telomer length ， as sugested in 
buding yeast (Bianchi and Shore ， 207). Supresive chromatin structure has ben 
prosed to be responsible for late replication of subtelomer in budihg yeast (Gilbert ， 
201b). Howevr ， my results are unfavorable for the involemnt of H3K9me-dpnt 
supresive chromatin structure in replicato control at fision yeast subtelomer; thoug it is 
c stHl posible 削帥mer specific pr 伽 ns and/or su伽1
regulation of telomeric replication. The involemnt of Ku cbmplex ， whic localize the 
telomer and regulate its subnuclear localization ， in replicationtimng of telomer was 
reported in buding yeast (Cosgrve et al.， 202). Althoug the molecular mechanis for 
such supresion is unkown ， tethering of DDK to the subtelomer partialy overcms the 
inhibitory efect (Fi g. I-15). Therfore ， DDK sem to be an important target evn in 
regulation of subtelOineric replication origins. 
Signifcance of early replication of the pericntomer and the mat locus 
Ther are thre consequnces by activation of initiatin: detrmination of replicatin timng 
of the locus; progresion of replication fork in a specific direction from the locus; and 
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recruitment of factors depnig on the proces of initiatin complex asembly. A plausible 
biological significance of 時 ulation of repl 比ation timng has ben prosed ~ be coupling 
with inheritance of chromatin structures during each cell cy c1 e (Goren and Cedar ， 203). 
Howevr ， one could argue against this notion ， because Swi6 remains at pericentromer and 
the silent mαt locus after the delay of replication timng indfp1-3A mutan t. On the other 
hand ， replication of the matl locus in a specific direction is required for genomic imprinting 
at the mαtlocus (Dalgard and Klar ， 199). Activation of the origin in the silent mai 
hetrochromatin establishes the specific direction of. replication fork at the mαt1 locus ， 
although there sem to be redunat mechanist blocks replication fork from the other 
side of the m αt1 locus to ensure fork direction (Dalgard and Kl ar ， 201). Becaus the C 
terminus. region of D匂1 is required for localization of cohesin at the pericentromeric 
hetrochromatin (Bailis et al.， 203) ， Swi6 and DDK sem to regulate both cohesin 
localization and initiation of DNA replication. It was prosed that cohesin is established at 
replication fork during S phase (Lengro et al.， 206). To ensure cohesin establishment at 
the pericentromeric hetrochromatin ， DDK might participate. in recruitment of cohesin 
imedatly before initiation of replication ， whic guarntes temporal link betwn both 
pathways. 
Control of the timng of hetrochromatin replication may be importan for 
regulation of gen expresion during diferentiation and devlopmnt in higher eukaryotes ， in 
whic global regions of chromse form hetrochromatin (Aladjem ， 207). The HP1-
bindg motif in Dfpl does not aper to be conservd in Dbf4 homlgues in other 
LJ eukarydes-Howevr ，their direct interaction neds to be examind experimentaly ，becaus 
HPl has shown to interact with proteins throug other domains such as chrom-dain (Pak 
et al.， 197). . Thus ， it is still atractive posibility that hetrochromatin proteins participate in 
DNA replication throug recruiting the regulatory kinase and/or other :replication factors to 
origins in hetrochromatic region. 
3 
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MATERIALS AND METHODS 
Yeast strains and genetics. 
Al S. pombe strains used are listed in Table II- l. Fision yeast strains wer cultured in 
complet YE medium (0 .5% yeast extract and 3% glucose) and Edinburgh minal medium 
(Moren et al.， 191). Al solid media contain 2% agar. Transformation of S. pombe was 
perfomd by lithium acetate method (Forsburg ， 203). 
Construci of Swi6 carying chrom-domain mutan 
To expres Swi6- W104A mutan protein from the endogus swi6+ promter ， the swi6+ 
c coding s叩 enc with its potential promte and terminator regions was first c1 0ned into 
pBluescript (pAL2pBK) ， and a hygr casete was introduced into the pAL2pBK plasmid 
(pAL2pBK-H: a gift from Dr. J. Nakym). The W104A mutaion was introduced by site-
directed mutagensi usmg pnmers ， 5'-
CACTGGGATCGTCATAACCTTCGGCCTTCAAAAGGTATTCATAGCCTCCA-3' and 
デー CATCATAAGAGTCAGACGCTCTA-3¥ The resultant fragment was used as prime 
for second PCR with 5'- AAATTTAAGCTTGCTAATGTACAAAAGCAGCAAC-3' and 
c1 0ned into the AflI I-Hin dI II sites of pAL2pBK-H ， genrating pMH10. Af ter confirmation of 
the sequnce ， pMH10 was c1 eavd with 正かα1 for introduction into downstream of the swi6 
locus of HM183 (h 90 cd25- nmtl-TK+ swi6 L1: ・:k αnMX6 his2 Kznt2 にura4+) ，and the 
transformants wer isolated using medium containg hygromcin. 
f / { ¥
、
Construci of Dfpl carying HPl ・bindg motif mutans 
The point mutans df1 ヮ1-3A or df1 ヮ1-2E was constructed as below. The df1 ヮ1-3A or df1 フ1-2E
mutaion was introduced by site-directed mutagensi using primers: 5' -
GTAGTGCTGCTAGTGTTGCGGTGGCAACAGCTAATGGGAGAGATATCGCA-3' and 
デー AAGGATCCAATCTGGCCTTAAGGGACG-3' for dfpl-3A; or 5'-
GTGCTGCTAGTGTTCCGGAGGAAACAATTAATGGGAGAGAT ATC-3' and 5' 】
AAGGATCCAATCTGGCCTTAAGGGACG-3' for ~か1-2E. The resultant fragments wer 
used as primers for second PCR with 5'-AGATCACTAGTATGCGTGT-3' and 
c1 0ned into pBl uescript to obtain pMH47 (pBS- ゆ 1-3A) and pMH48 (pBS- ゆ 1-2 E)，
folwed by confirmation of the sequences. A 0.2 kb 3' -UTR ofφ 1 was amplifed using 
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pnmers ， 5' -AGATCACTAGTATAGCCGTGTCTCA-3' and 5'-
AAGGATCCACTAGTCAGAAAATAAACCGTGAAAC-3¥with BamHI site and cloned 
into the BamHI site of pBl uescript to obtain pMH49. A SpeI fragment of pMH49 was 
incubated with T4 DNA polymeras to generate blunt end andcloe into the EcoRV site of 
pFA6a-kanMX6 ， resu It ing in pMH50. A BamHI-SpeI fragment of pMH31 (a N terminus 
fragment of dfpl) and a SpeI-BamHI fragemnt of pMH47 or pMH48 wer cloned into 
BamHI site of pMH50 togenrate pMH51 or pMH52 ， respectively. Becaus C-terminal 13-
Myc casete caused defect in early replication of the pericentromer ， the 13-Myc casete and 
ADHl terminator of pMH51 or pMH52 wer replaced with a potentil terminator region of 
dfl ワr; C terminus fragment of ゆ 1 was amplifed using 5' -GACAGAGTCAAGAACCATC-
3' and 5'-AGATCACTAGTCAGAATAACGTGAAC-3' as primers ， folwed 
by digestion with EcoRV and BamHI ， ant the resultant fragment was cloned into the EcoRV-
Bg lII fragment of pMH510r pMH52 to obtain pMH76 or pMH7 ， respectively. pMH76 br 
pMH7 was digested at the NotI sites for introduction into the dfpr locus of HM683 (h+ 
nmtl-TK+) ， and the transformants wer isolated using medium containg G418. 
Construcion of Dfpl fused to chromdomain of Swi6 
Foi construction of Dfpl-CFP-2CD or CFP-2CD ， a plasmid carying CFP openradig frame 
and a sequnce encoding two copies of the chrom-dain of Swi6 (a gift from D r. Y. 
Watnbe: pMH28)(Kawshima et al.， 207) was used. A 2.7 kb fragment containg dfpl 
ORF with its potential promter or 1. 0 kb fragment containg the potential promter region 
was amplifed using primers: 5' -AAAGGATCCGCGAGCTGATAATTCGCATC-γand 5'-
AAAGGATCCGCGGCCGCCTTAAGGGACGTTGAAC-3'; ・ or 5'-
AAAGGATCCGCGAGCTGATAATTCGCATC-3' and 5'-
AAAGGATCCGCGGCCGCATGTGGTACAGCCACCTTAC-3' ， respectively ， with BαmHI 
site at N-terminus and BαmHI-No tI sites at C-terminus. The resultant fragments wer cloned 
into the BαmHI site of pBl uescript to obtain pMH31 (pBS-Pdfpl-~fpl) or pMH37 (pBS-
Pdfpl). A SphI-No tI fragment of pMH31 or pMH37 was cloned into pMH28 ， genrating 
pMH32 or pMH39 ， in whic the N-terminus of CFP is fused to the C-terminus of c{かJ+ or
imediately adjacent to the dfl フJ+ native promter ， respectively ， with a hyt casete. The 
pMH32 'or pMH39 was cleaved with ApaI and integrated at the lys J+ IQCUS of HM664 (h 
nm t1- TK+) or HM683 (h+ nmtl- TK+) ¥ respectively ， and the transformants wer isolated using 
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rnediurn containg hygronycin. 
BrdU incorporation. 
Labeling of newly synthesized DNA with BrdU ， separation of the heavy-light (HL) DNA 
frorn light-light (L) DNA by Csl density gradient centrifugation ， and real-tirne PCR 
analysis wer caried out as described in Part l. Prirners used for real-tirne PCR are listed in 
Table 11-2. 
Imunostaig 
Yeast cell extracts wer prepared as described previously (Ogaw et al.， 19) with some 
f¥rnodification. S. pombe cels (1 x 10 8 cells) wer washed twice with ice cold water and once 
with ice cold Lysis bufer (50 rnM HEPES-KOH [pH 7.4]， 140 rnM NaCl ， 1 rnM EDTA ， 
0.1% Triton X-10 ， 0.1% sodiurn deoxycholate). The cell pelet(was supend in ice cold 
Lysi with protease inhibitor cocktail and PMSF and disrupted with glas 、beads by a bead 
beater (Micro Smash MS-10 ， TOMY). The broken cels wer colected .f rom the botorn of 
the tube through. a puncture and sonicated four tirnes for 10 、sec. . Supernatnt after 
centrifugation was anlyzed by SDS-PAGE folwed by irnrnunobloting. Swi6 and 
Nda2/Tubl (tubulin alpha lI tubulin alpha 2) wer detected by fluorgraphy using rabit anti-
Swi6 (a gift frorn Dr. J. Nakyrna) and rnouse anti- TATl (a gift frorn Dr. K. Gul) antibodies ， 
respectively ， folwed by reactions with HRP-conjugated antibodies (Jackson). 
Construcion of plasmid for in vitro translation 
To expres Dfpl ， Dfpl-3A and Dfpl-2E by an in vitro translation systern ， expresion 
plasrnids wer constructed as below. ‘ A fragrnent containg df1 ワ1 ORF was arnplified with 
N-terninus NdeI site and C-terninus BαmHI site and cloned into the NdeI and BamHI sites of 
pBl uescript to obtain pBS-djtr(a gift frorn Dr. H. Yabuchi). The NdeI-BarnH fragrnent 
was cloned into pDON R2 01 日 FLAG-XCDC7(a gift frorn Dr ， T. Takhasi) carying atLl 
and atL2 for GATEWA Y Clonig systern to genrate pMH5. To obtain pDONR plasrnids 
carying the point rnutations of djtl ， a SpeI-EcoRV fragrnent of pMH47 (pBS-~か1-3A) or 
pMH48 (pBSφ 1-2E) was cloned into pMH5 ， resulting in pMH70 or pMH71 ， respectively. 
By using LR reaction ， a djtl fragrnent of p1 唖-I 5 ，pMH70 or pMH71 was cloned into 
pCIT E4 a-DEST (a gift frorn Dr. T. Takhasi) ， whic caries atRl and att R2 at clonig site 
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of pCITE-4a (Novagen) ， to create pMH61 ， pMH72 or pMH73 ， respectively. 
In vitro pul down asay. 
The binding of Dfpl to Swi6 was anlyzed esentialy as described previously (Nakym et 
al.， 201a). The N-terminaly S-taged Dfpl ， Dfpl-3A and Dfpl-2E proteins wer 
expresed from pMH61 ， pMH72 and pMH73 ， respectively ， by using an in vitro translation 
sytem (Promega) and incubated with E. coli expresed GST-taged Swi6 or GST (gifts from 
Dr. 1. Nakym) together with glutahione-Sepharose beads (GE Healthcare) in IP bufer-
N50 (1 0 m M  Tris-HCl [pH 8.0] ， 50 m M  NaCl ， 0.1 % N-P40 ， 1 m M  EDTA [pH 8.0]) for 2 hr
at 40 C. The beads wer washed thre times with IP bufer-N50 and the bound proteins wer 
(~~) anlyzed by SDS-PAGE folwed by imunoblting. S-Dfpl and GST-wi6 wer detected 
by fluorgraphy using rabit anti-S antibodies (Bethyl) 'and goat anti-GST antibodies (GE 
Healthcare) ， respectively ， folwed by reactions with HRP-conjugated antibodies (Jackson). 
LJ: 
Chromatin imunoprecitaon. 
Chromatin imunopreciptaion (ChIP) was perfomed esentialy as described in Part 1 with
rabit anti-Orc4 ， rabit anti-Mcm6 ， rabit anti-Ssb2 ， mouse anti-Flag (M2 Moncla ， 
Sigma) ， rabit anti-Swi6 and rabit anti-GFP (Livng Colrs Ful-length A. v. Polyclonal 
Antibody ， Clontech) antibodies. DNA prepared from whole-cel extracts or 
imunopreciptaed fractions was anlyzed by real-time PCR using SYBR gren 1 in a 730 
Real- Time PCR System (Aplied Biosytems). 
Two-dimensal gel electrophoresis. 
Neutral-neutral two-dimensiola gel electrophoresis analysis of replicating DNA was 
perfomed as described in Part l. Relvant ARSs wer used for southern hybridization 
probes after random prime labeling. For detection of pericentromeric origins ， portions of the 
ARSs in the pericentromer (ars3.0K for dg and arsL for dh) (Smith et al.， 195) wer cloned 
by PCR (pMH26 and pTN76: a gift from Dr. T. Nakgw) to prevnt cros hybridization 
betwn pericentromeric repeats and the silent m αt locus. 
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、 Table 1-1 S. pombe strains used in this study 
Strain Genotyp Fi gures 11 
HMl23 h k~J2 lB 
HM664 h ura4-D18: :ura4+nmt1- TK+ used for transformation 
HM683 h+ ura4-D18 にura4+nmt1- TK+ used for transformation 
HMl182 h90 cd25-2 ura4 一D18: ur ，α4+nmtl- TK+ his2 Ki i1 t2: :ura4+ 2， 4A ， 4B ， 8
HMl183 h90 cd25-2 ura4-D18: ura4+ l1I ntl-TK+ his2 Kint2 ・ura4+ swi6 L1: :ka 叫α6 2， 4A ， 4B ， 8， 1 
HM1418 h ura4-D18: :ura4+nmt1-TK+ 加1.1::( ゆ J+ -CFP-2CD hpMX6) transformant 
HM1420 h90 cd25-2 ura4-D18: ura4+nmt1-TK+ hお2 Kint2 にura4+ swi6 L1 :kan .A- α6 かs1 L1 ::(c 砂J+ -CFP-2CDI ψhMX6) 9A ， 10 ， 1 
HMl423 h90 cd25-2 ura4-D18: ura4+nmtl-TK+ hお2 Kint2:ura4+ l)'s1 L1::( ゅJ+ -CFP-2CD hpMX6) 15 
HM1460 h ura4-D18:ura4+nmt1-TK+ lys1 L1 :(CFP-2D hp んα6) transformant 
HM1467 h90 cd25-2 ura4-D18: ura4+nmt1-TK+ 肋 2 Kint2: :ura4+ swi6 L1:: ・kanMX6 かs1 L1 :(CFP-2D hpMX6) 9A ， 10 ， 1 
HMl471 h90 cd25-2 ura4-D18: ura4+nmtl-TK+ his2 Kint2:ura4+ lys1 L1 :(CFP-2DhpMX6) 15 
HMI482 h90 cd25-2 ura4-D18: ura4+nmtl-TK+ his2 Kint2:ura4+ swi6 L1 :kan .A- α6 clr4 L1:: 知 nルα6 12 ， 13 
HM158 h90 cd25-2 ura4-D18: ura4 勺lmtI-TK+ Flag-cd45:kanMX6 his2 Kint2:ura4+ 5C ， 5F 5G ， 14 
HM1589 h90 
仁jHM 日 h90 
cd25-2 ura4-D18: ura4+nmt1-TK+ Flag-cd45:kanMX6 his2Kint2:ura4+ swi6 L1 :kanMX6 5C ， 5F 5G ， 14 
cd25-2 ura4-D18: ura4+nmtl-TK+ p抑 -5Flag: 如 nMX6 his2 Kint2:ura4+ 5B ，5E ， 14 
HM1591 h90 cd25-2 ura4-D18: ura4+nmtl-TK+ P5. ρ5Flag:knMX6 his2 Kint2:ura4+ swi6 L1:: 如 nN. α6 5B ，5E ， 14 
HMl826 h+ ura4-D18:ura4+nmt1-TK+ ゆ 1-3A:kanMX6 transformant 
HM1828 h+ ura4-D18: 川 α4+nmt1-TK+ ゆ 1-2E:kanMX6 イ transformant
HM1841 h90 cd25-2 nda4-108 ura4-D18:ura4+nmtl-TK+ sl d3 -5 Fl ag:kan J. α6 his2 Kint2:ura4+ 5D ， 14 
HM1843 h90 cd25-2 nda4_ J0 8 ura4-D18:ura4+nmtl-TK' sl d3 -5Flag:ka 叫fX 6 his2 Kinf2:ura4+ swi6 L1 :kan N. α6 5D ，14 
HM1853 h90 cd25-2 ura4-D18:ura4+nmt1-TK 十 djj り1-3A:kanMX6 his2 Kinf2: ・ura4+ 7A ，8 
HM1857 h90 cd25-2 ura4-D18:ura4+nmt1-TK+ djj り1-2E:km ルα6 his2 Kint2:ura4+ 7B 
HM189 h+ ura4-D18 にura4+nmt1- TK+ lys1 .1::( φ1-3ACFP2D hpMX6) transformant 
HM1934 h90 cd25-2 ura4-D18:ura4+nmf1-TK+ his2 Kint2:ura4+swi6 L1 :kanMX6lys1 L1:: 何百b1-3ACFP2D hpMX6) 9B 
HMl94 h90 ura4-DS/E Kint2:ura4+ swi6 L1 :kan ルα6 ~lli 
HM2608 h90 cd25-2 ura4-D18:ura4+nmt1-TK+ his2 Kint2:ura4+swi6 L1 :ka 叫 1X 6:(swi6-W J0 4A hpMX6) 3C 
日M2613 h90 ura4-DS/E Kint2:ura4+ swi 6L1 :kanMX6 ・:(s 予1J i6 目 WI04A hpMX6) 3A ，3B 
TNF2518 h90 ura4-DS/E Kint2:ura4+ 3A ， 3B 
Table 1-2 Pri lIl ers used in this study 
Locus Name Sequnc Source 
ars204-6F ター CGGATCCGT ATCCACA-3' 
ars204 This study (Part 1) 
ars204-6R 5'- TTTGCTT ACA TTTTCGGGAACTT A-3' 
no nA RS-70 F ターTACGCGACGAACCTTGCATAT 目 3'
noARS This study (Part 1) 
no nA RS-70 R ターTATCAGACATGAGCCAT-3'
dg-l08F 5'- TCCAAA TGTCGCATGACACTC-3' 
dg (pericentromere) This study (Part 1) 
dg-l08R 5'-CTTTGGATACATGGTT-3' 
matK-108F ターTCTCCTGCGTGACTC-3'
mat K locus This study (Part 1) 
matK-108R 5'-CACT ACCATCCGTGTT ACCT -3' 
TEL-59F 5'-CAGAGAGACT ACAGAGGCGGTTT -3~ 
subfelomer This study (Part 1) 
TEL-59-R 5'-GATGCT ATCTGCGACA-3' 
jk380 (TEL-O.3K# 1) 5'-TATTCTTATCACTACGCACTC-3' 
、subtelomer This study (Part I) 
jk381 (TE しO.3K-#2) 5'-CAGT AGTGCAGTGT ATT ATGAT AATT AAAA TG-3' 
38 
CONCLUSION 
In this thesis ， 1showed distribution of replication origins and their behavior in their chromatin 
contexts. Especialy in hetrochromatic region ， 1 found intimate molecular link betwn 
hetrochromatin structure and a repliction regulator. The results provide the evidenc that 
replication origins are distinctly tegulated by the suroundig chromatin contex t. 
In Part 1， by using the whole genome tiling chip and ChIP-qPCR ， 1found early and 
late origins tendo distribute separately on chromse arm despite the random distribution 
of pre-RCs. On the other hand ， 1 found replication origins are. regulated diferently in 
functional genomic loci; earlY origins acumlate in the pericentromer and the silent mat 
locus while late origins cluster in the subtelomeric hetrochromatin ， and pre-RC formation is 
supresd at the kinetochore and the telomeric end. 
In Part I ， 1 showed a hetrochromatin protein ， Swi6 ， stimulates earlY firing of 
origins in the pericentromer and the silent m αt locus by recruiting a regulatory kinase ， DDK ， 
to the loci. 
Replication origins in the pericentromer and the silent mat locus and maybe those 
in the subtelomre are regulated at the step of DDK loading. Interestingly ， euchromatic 
late/potential origins are supresed ， at least in early S phase ， at the step of Sld3 loading 
(Yabuchi ， 208) ， sugesting that these origins are also regulated at the step of DDK loading. 
Euchromati early origins are probaly acesible to DDK ， or alternatively ， euchromatic 
origins may have distinct mechanis() to recruit DDK at specific period in S phase.
Consequtly ， 1 prose that recruitment of DDK is a crucial step in the regulation of 
replication timng at all replication origins in fision yeast ， although the mechanis of 
recruitment may difer betwn chromatin regions. The biological significance of the 
regulation is one of the next atractive isues. 1 hope the knowledg obtained in this study 
wil provide the clues to comprehnd the mechanism for regulation of replication by 
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